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Abstract

A number of rare-earth alumo-silicides (R-Al-Si) have been synthesized from the corresponding elements by high-temperature
reactions, carried out in excess of aluminum to serve as a flux. Under these experimental conditions, large single crystals of all R-Al-
Si ternary phases were readily produced. The crystal structures these ternaries adopt were studied by means of powder and single-
crystal X-ray diffraction and were classified as follows: (1) the early rare-earths (R = La, Ce, Pr, Nd, Sm, Gd) yield RAL,Si>_,, x~1,
non-stoichiometric ternary derivatives of the body-centered a-ThSi,-type; (2) the late rare-earths (R = Tb, Dy, Ho, Er, Tm) form
stoichiometric R,Al;Si; compounds that crystallize in the C-centered monoclinic Y,Al;3Si>-type; (3) the divalent Eu and Yb produce
EuAlSi, and YbAI,Si, with the trigonal CaAl,Si,-type, whereas the last lanthanide element, Lu, forms LuAlSi with C-centered
orthorhombic YAIGe-type. These structural trends are reviewed, and the evolution of the basic physical properties such as

magnetism, heat capacity and electrical resistivity when moving across the series is described in detail.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Binary rare-earth silicides and germanides have been
extensively studied during the last several decades [1-3].
The tremendous interest in these scientifically important
materials has resulted in numerous papers, review
articles, books and monographs, and the number of
publications continues to grow. Of particular interest to
us is the mixed-valent and Kondo behavior observed in
CeSi, [4]. This compound forms congruently according
to the known phase diagram and crystallizes in the
body-centered tetragonal o-ThSi, structure type [3].
However, there is a certain homogeneity region in the
Ce-Si system, ranging from approximately 64 to
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66.7 at% Si, which presents a significant challenge for
obtaining CeSi,_, as a single-phase product with a fixed
value of x. Moreover, from the crystal structure, one
might expect rather anisotropic physical properties and
the availability of sizeable single crystal with known and
well-defined composition becomes of crucial importance
for unequivocal property measurements.

Thus, motivated by the successful application of the
high-temperature flux techniques [5], we decided to
explore opportunities to grow single crystals of CeSi, in
a variety of low melting metal fluxes (M), such as Al,
Ga, In, Sn, Pb, etc. These experimental efforts, carried
out over a period of almost 10 years, proved that this
method yields large and nicely faceted single crystals,
which, however, formed ternary substituted derivatives
with a general formula CeM,Si,_,. Because of the
relatively good solubility of Si in Al and Ga in
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particular, we find a number of solid solution phases
CeAlSi,_, and CeGa,Si,_,, in which the physical
properties change dramatically with x. It was also
observed that certain structure changes occur, most
notably from body-centered a-ThSi,-type to hexagonal
AlB,-type as x increases. Further, the value of x depends
on reaction conditions—initial stoichiometry, reaction
temperature, cooling rates, etc. The lack of good control
over these parameters hampered somewhat quick
progress along these lines of research.

Recently, several publications on the phase equlibria
and properties in the systems R-Al-Si (R = rare-earth
metal) appeared [6-9]. Possible homogeneity ranges and
associated structure-property relationships in the sys-
tems Ce-Al-Si and Ce-Al-Ge have been discussed [0].
This stimulated us to review the data we have gathered
over the years and complement the results from these
investigations. We have extended the studies on Ce-Si
and Ce-Al-Si to cover the whole series of rare-earth
metals, and herein we report on the evolution of the
crystal structures in the system R-Si under Al flux
conditions, going from La to Lu, as well as on the
evolution of physical properties when moving across the
series. It was found that under these experimental
conditions, the early rare-earths (R = La, Ce, Pr, Nd,
Sm, Gd) yield RAILSi,_,, ternary derivatives of the
body-centered a-ThSi,-type, whereas the late rare-earths
(R = Tb, Dy, Ho, Er, Tm) form stoichiometric R,Al;Si,
compounds that crystallize in the C-centered monoclinic
Y,Al3Sir-type [10]. The divalent Eu and Yb behave
differently, as expected, and were found to produce
EuAl,Si, and YbAI,Si, with the trigonal CaAl,Si,-type
[11], while the last lanthanide element, Lu, forms LuAISi
with C-centered orthorhombic YAIlGe-type [12]. A
subsequent publication will discuss the same trends in
the systems R-Si-Ga and R-Ge-Al/R-Ge-In under flux-
growth conditions [13]. Physical property measurements
on EuAl,Si, and YbAIL,Si, single crystals will be
reported elsewhere relative to the prospect for mixed-
valent behavior [13].

2. Experimental
2.1. Synthesis

Single crystals of the title compounds were grown
using the high-temperature flux technique using molten
Al as a solvent. Rare-earth metals with >99.9% purity
from Ames Laboratory were used as received. Al (shot)
and Si (lump), both with purity greater than 99.999%,
were obtained from Alfa-Aesar. Typically, the reactions
were carried out in 5cm® alumina crucibles, which were
encapsulated in evacuated fused silica jackets by flame
sealing. Different temperature profiles were used, e.g.,
quick or slow ramping to 1175 °C, homogenization for
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Fig. 1. Powder diffraction data for CeAl,Si,_,. Data (superimposed)
for two different reaction batches of CeAl,Si,_, are shown. Significant
shifts in the peak positions are clearly seen reflecting differences in
lattice constant. These results confirm the broad stoichiometric
breadth for CeAl,Si,_, (x-ThSi,-type), which according to Ref. [6]
spans 0.45<x<1.28. (For the samples for which data are presented,
the only difference in the synthetic procedure is the cooling rate.)

up to 2h, cooling to 750, 700 or 675°C (above the
melting point of Al, 660 °C) at various rates. At these
temperatures, the molten Al was removed by centrifuga-
tion. Further and more elaborate details on the flux-
growth synthetic procedures can be found elsewhere [5].

In all instances, the reaction products were large
single crystals with well-defined crystal morphology.
The crystals appear to retain their shiny metallic luster
over a period of several years. No other phases besides
residual Si and Al were present according to powder X-
ray diffraction studies (see below). However, as men-
tioned already, some variations in the crystal structure
and properties were observed when comparing crystals
from different reaction batches (Fig. 1). Therefore, all
physical property measurements discussed below were
carried out on single crystals grown using the same
synthetic procedures: atomic ratios R:Si:Al = 1:2:20,
ramping rate 200 °C/h, reaction temperature 1175°C,
2h dwell, followed by cooling to 700°C at a rate of
—30°C/h. Aluminum flux was effectively removed by
centrifugation at 700°C and the crystals (plates or
needles, depending on the structure type) did not have to
be treated with solutions of NaOH in order to remove
residual Al. For those R-Al-Si systems in which wide
homogeneity ranges were found to exist, e.g., Ce-Al-Si
and Pr-Al-Si, the same crystal was used for all physical
property measurements, and its exact chemical compo-
sition was subsequently determined by means of
chemical analysis (below).

2.2. X-ray diffraction studies

X-ray powder diffraction patterns were taken on a
Scintag XDS 2000 with monochromated Cu Ko radia-
tion (4 = 1.5406A). The samples were prepared from
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single crystals, which were subsequently crushed and
ground to fine powders in agate mortars. The powdered
specimens were then placed on rotating sample holders,
and powder X-ray diffraction data were routinely
collected in continuous scan mode up to a 20 limit of
80° with an interval of 1.0°/min. The collected X-ray
powder diffraction data were used for phase identifica-
tion, as well as for unit cell parameter determination in
order to check for any potential phase width. This was
done by a least-squares refinement of the positions of
the lines, calibrated by silicon as an internal standard
with JADE 6.5 [14] and GSAS software packages [15].
Variations in the resulting lattice parameters for samples
with identical starting materials, synthesized under
different conditions, were significant in the case of all
RA1,Si,_, (R = La, Ce, Pr, Nd) phases, as illustrated in
Fig. 1 (Table 1).

To check and unequivocally establish the structure
type and to verify the site occupancies for RAI,Si,_,
(R=1La, Ce, Pr, Nd, Sm, Gd), a single crystal of
GdALSi,_, was selected and mounted on the top of
a glass fiber (silver-metallic, plate-like shape, 0.14 x
0.08 x 0.06mm?). Intensity data were collected on a
Bruker SMART 1000 single-crystal diffractometer with
monochromated Mo Ko radiation at room temperature
(0.3° w scans, 201,x = 62°, a full sphere). A total of 502
reflections were collected using the SMART software
[17], and were subsequently corrected for Lorentz and
polarization effects and integrated with the aid of the
SAINT package [18]. Empirical absorption correction
was applied based on SADABS [19]. Merging the raw
data in Laue symmetry 4/mmm confirmed the systematic
absence condition /1 + k + /#2n for the body-centered
lattice. The reflection conditions 4k 0 for i, k = 2n, and
0kl for k,I =2n were all satisfied; thus, the o-ThSi,
structure type was adopted as the initial structure model
[6]. The structure was refined on F?> with the aid of
SHELXTL V5.10 [20]. The refinements showed no
indications that either Gd or Si sites might be partially
occupied: when the site occupancies were allowed to
vary, no deviations greater than 3o were observed.
Therefore, in the final refinement cycles, all occupation
factors were kept at 100% with the Si site modeled as a
statistical mixture Si/Al = 50/50. Elemental analysis
(below) on crystals from the same reaction batch
confirmed the sample composition GdAlj gg3)Sij.023)-
Hence, for the sake of simplicity, it will be referred to as
GdAISi hereafter. Further details of the data collection
and structure refinements are given in Table 2, while
positional and equivalent isotropic displacement para-
meters are listed in Table 3.

Low-temperature single-crystal diffraction data were
also collected for all R,Al5Si, (R = Tb, Dy, Ho, Er, Tm)
compounds, aimed to ascertain the robustness of the
monoclinic Y,Al;Si>-type in which these compounds
crystallize. Diffraction data were collected at 120K

using the above-mentioned routines. The results agree
very well with previous room temperature work on
R2A13Si2 (R = Tb, Dy) [21], and on R2A13Si2 (R = HO,
Er, Tm) [22], and unambiguously confirmed that the
latter are compounds with no stoichiometry breadth.
The unit cell parameters at 120 K were slightly smaller
than those at room temperature yielding volume
expansion coefficients (f) in the order of 107°K™!, a
behavior which is quite typical of metals and inter-
metallic compounds. Further details of the crystal
structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: +49 7247 808 666;
e-mail: crysdata@fiz.karlsruhe.de) on quoting the de-
pository numbers: CSD 415151 (GdAlg.og(3)Si1.02(3));
CSD 415146 (TbyAlsSi); CSD 415147 (Dy,Al;Siy);
CSD 415148 (Ho,Al3Si); CSD 415149 (Er,Al;Siy);
CSD 415150 (Tm,Al;Si,).

2.3. Magnetic susceptibility measurements

Field-cooled dc magnetization measurements were
performed in a Quantum Design MPMS SQUID
magnetometer from 1.8 to 350K in a magnetic field of
1kG. Several specimens from different reaction batches
were measured in order to provide reproducible results.
The samples (single crystals, which were then used for all
other measurements, followed by chemical analysis)
were secured between pieces of quartz wool and
suspended in a low background sample holder. Field-
dependent studies on some samples were also per-
formed.

2.4. Resistivity measurements

Electrical resistivity measurements were carried out in
a Quantum Design PPMS system using a four-probe
technique from 4 to 350K with excitation currents
between 1 and 3 mA. Resistivities were measured on at
least two crystals from each batch to assure reproduci-
bility. For all data reported herewith, sand-paper
polished single crystals were used to minimize geometric
errors. No measurements in field were completed at this
time.

2.5. Calorimetry

Specific heat data for some of the R-Al-Si samples
were measured in a He* cryostat using the thermal
relaxation method in the temperature range 1.3-20 K.
2.6. Elemental analysis

Several carefully selected single crystals of RALSi;

(R=La, Ce, Pr, Nd, Sm, Gd) were analyzed with a
Cameca SX50 electron microscope equipped with a
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Table 1
Ternary compounds in the R-Al-Si system (R = La to Lu, excl. Pm)
Compound Structure Unit cell parameters® Reference
a (A) b (A) ¢ (A) B (deg.) V(A
LaAl, 04Sio.06 -ThSi, (T4, /amd) 4.3102(3) 14.5775(9) 270.82 This work®
LaAlSi — 4.284 14.56 267.2 [16]
CeAly 2Sig.og o-ThSi, (14,/amd) 4.2491(1) 14.5108(4) 261.99 This work®
CeAlygsSiy s - 4.2030(1) 14.4619(5) 255.47 This work®
Cedl, »Sips — 42741(1) 14.732(1) 269.12 [6]
CeAlSi — 4.242 14.538 261.60 [7]
Cedl, »Sips — 4.280 14.755 270.29 7]
CeAl; 4Sips — 4.280 14.90 272.8 [16]
PrAl, 1oSio g1 o-ThSi» (14, /amd) 4.2263(1) 14.5343(5) 259.61 This work®
PrAl, 15Sio s - 4.2245(1) 14.4731(5) 258.29 This work®
NdAL, ,,Sio g0 o-ThSi» (14, /amd) 4.2030(1) 14.4647(6) 255.52 This work®
SmAI, o7Sio.03 o-ThSi, (I4,/amd) 4.1577(1) 14.4098(6) 249.10 This work®
EuALSi, CaAl,Si, (P3ml) 4.180(2) 7.252(4) 109.75 This work
EudlLSi — 4181(1) 7.259(1) 109.89 [33]
GdAlyosSi1 02 o-ThSi, (I4,/amd) 4.1255(1) 14.4259(5) 245.53 This work®
GdAISi — 4.131 14.44 246.6 [16]
Tb,ALSi, Y,ALSi, (C2/m) 10.195(2) 4.0440(7) 6.608(1) 101.169(12) 267.26 This work
Th,Al;Si, — 10.197(2) 4.045(1) 6.614(2) 101.11(2) 267.69 [22]
Dy,ALSi, Y>AlsSis (C2/m) 10.133(3) 4.0304(9) 6.587(2) 100.73(2) 264.12 This work
Dy>Al;Si; — 10.144(6) 4.028(3) 6.580(6) 101.04(6) 263.88 [22]
Ho,Al;Si, Y,Al;3Si; (C2/m) 10.114(2) 4.0198(5) 6.5741(10) 100.88(1) 262.48 This work
Ho,Al;Si, — 10.126(1) 4.0266(9) 6.5812(8) 100.93(1) 263.48 [21]
Er,Al;Si, Y,Al5Si, (C2/m) 10.0623(14) 4.0059(6) 6.5547(10) 100.697(10) 259.62 This work
Er,Al3Si — 10.083(3) 4.0175(9) 6.566(1) 100.73(2) 261.33 21]
Tm,Al5Si, Y,AlL:Si, (C2/m) 10.034(4) 3.998(2) 6.536(3) 100.45(3) 257.80 This work
Tm,Al;Si, — 10.043(2) 4.0050(8) 6.550(1) 100.54(3) 259.0 21]
YbAI,Si, CaAl,Si, (P3ml) 4.144(2) 6.915(2) 102.9 This work
YbALSi — 4.156(5) 6.914(14) 103.4 [33]
LuAlISi YAIGe (Cmcm) 3.9602(4) 10.049(1) 5.6071(6) 223.1 This work
LuAlSi — 3.9606(3) 10.047(1) 5.6099(7) 2232 [8]

Note: Data from previous studies are italicized. Cell parameters reported here were determined from powder X-ray diffraction with standard

uncertainties in parentheses.
Room temperature measurements unless otherwise noted.
®Composition determined from elemental analysis.
“Composition estimated from Vegard’s law.

wavelength-dispersive spectrometer. The microprobe
was operated at 15nA beam current at 20keV accel-
erating potential and pure elements were used as
standards. Due to partial surface degradation of the
rare-earth standards, somewhat broad ranges of total
composition—from approximately 95-108%—were ob-
tained. Nevertheless, the relative amounts of Al and Si
were determined accurately and the resulting Al:Si ratios
were found to be close to 50:50 in almost all samples.
Microprobe observations agree very well with indepen-
dent elemental analysis (performed on the batches
from which crystals were selected for the property
measurements) by Galbraith Laboratories Inc., using
the ICP method. Averaging multiple measurements
resulted in the following compositions (normalized per
rare-earth metal): LaA11404(3)Si0.96(3); CeA11.02(3)Si0_98(3);
PrAl} 193)Sig.813); NdAL 11(3)Sio.893); SmAL; 97(3)Si0.033)
and GdAlj 95(3)Si; 02(3). The compositions of the RAIL,Si,

(R = Eu, Yb), R,Al53Si, (R = Tb, Dy, Ho, Er, Tm) and
LuAlSi samples were not analyzed because all other
structural studies strongly suggested these are line
compounds.

3. Results and discussion
3.1. Crystal structures

All compounds reported herein crystallize with well-
known structure types, which shall not be discussed in
further detail. Attention will be paid only to the single-
crystal structure of GdAISi, which was chosen to be a
representative example of the series RALSi,_, (R = La,
Ce, Pr, Nd, Sm, Gd).

Single-crystal X-ray diffraction data were collected
for a crystal of GdAISi in order to check and establish
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the correct structure type for all RA1,Si,_, (R = La, Ce,
Pr, Nd, Sm, Gd)—whether it is a-ThSi, (I/4,/amd) type
with fully disordered Al and Si on one crystallographic
site, 8e (Table 2), or it is an ordered ternary variant with
the LaPtSi-type (/4,md) in which the Al and Si would be
on independent positions [23]. These considerations
were prompted after the elemental analysis on single
crystals of several RAI,Si,_, phases showed virtually
equal Al and Si content (see Section 2). Whereas, as
already mentioned, experimental results obtained on the
Ce-Al-Si and Pr-Al-Si systems in particular strongly
indicated the presence of wide homogeneity ranges (Fig.
1), there was little evidence that the related RAISi>_,
(R = Sm or Gd) phases might be disordered as well. The
choice of GdAISi was also intended to verify the
tetragonal symmetry derived from powder X-ray
diffraction data—whereas RSi, or rather RSi,_, binary
phases, where R = La to Sm, belong to the tetragonal a-

Table 2
Selected single-crystal X-ray diffraction data collection and refinement
parameters for GdAISi

Chemical formula GdAISi*

Formula weight 212.32

Space group, Z I14,/amd (No. 141), 4
Temperature 23(2)°C

Unit cell parameters a= 4_1255(4)A
c=1443203)A

°3
V = 245.63(6) A

Radiation, / Mo Ka, 0.71073 A
Pcalc 5.741 g/cm3

20 limit 62.8°

Absorption coefficient 27421 em™!
Collected/unique reflections 502/123 [Rint = 0.0169]
Data/restraints/parameters 123/0/8

Goodness-of-fit on F* 1.331

Final R indices (/> 20 ;)" R, =0.0171, wR> = 0.0316
R indices (all data) R, =0.0260, wR, = 0.0335
Composition from elemental analysis GdAlj 9g3)Si1.023)

“Ry = Y| Fo|—| Fel /Y Fol; WRy = [ [W(Fo—Fo))/ > [W(Fe) ]2, and
w = 1/[c°F2+ (AP)*+ BP], P = (F>+2F2)/3; A and B—weight coeffi-
cients.

Table 3

ThSi,-type, the binary GdSi,_, crystallizes in its own o-
Gd,Sis-type (Imma) [24]. The latter is simply a slight
orthorhombic distortion of the tetragonal archetype,
which is largely due to the decrease in atomic size of the
rare-earth metals when moving across the lanthanide
series. Lastly, reports on ordered ternary alumo-
germanides RAIGe with the LaPtSi (/4,md) type already
exist [25], and this provides further impetus for these
structural studies. However, the space groups in which
the «-ThSi, (I4,/amd) and the LaPtSi (/4,md) structures
crystallize satisfy the same reflection conditions, as
noted elsewhere [25]. Thus, the differentiation between
the two becomes nearly impossible, especially in the case
of GdAISi, where the X-ray scattering factors of Al and
Si are very similar. A trial-and-error approach was
therefore applied, and structure refinements were
attempted in the two space groups. The lack of
convergence, the higher R-factors and the poorly refined
anisotropic displacement parameters when the ordered
LaPtSi (I4,md) type was used are an indication that the
o-ThSi, (I4;/amd) type with fully disordered Al and Si
on the 8e site (Table 3) is the correct structural model for
GdAISi and the related RAISi (R = La, Ce, Pr, Nd, Sm)
phases. Therefore, we interpret the pronounced thermo-
dynamic stability of these nearly equiatomic ternaries as
a consequence of the fact that the latter are closed-shell
compounds, i.e., Zintl (valence) phases. According to
the Zintl concept [26-28], because all rare-earth elements
are in their trivalent state, and because each Al and Si is
bonded to three Si or Al, the formula can be broken
down as follows:

RAISi > I x R*T +1x (3b—Al* +1x (3b—Si)'".

Similar arguments in support of the application of the
Zintl concept on the related LaAlGe system have
already been made [25], and were supported by EHMO
band structure calculations. However, the stability of
both LaAlGe and some RAILSi,_, compounds with
R = early rare-earth, extends well into the ternary phase
space, as evidenced from the present and -earlier
experimental work [6,7,25]. This, together with the

Atomic coordinates, equivalent isotropic displacement parameters (U,,") and important distances in A for GdAISi

Atom Site X y z Ueq (Az) Occup.

Gd 4a 0 3/4 1/8 0.0050(3) 1

Si 8e 0 1/4 0.2924(2) 0.0077(4) 0.5

Al 8e 0 1/4 0.2924(2) 0.0077(4) 0.5

Gd— 12 x Si/Al 3.1515(8) Si/Al— Si/Al 2.385(4)
4 x Si/Al 3.176(2) 2 x Si/Al 2.398(2)
4 x Gd 4.1255(4) 4 x Gd 3.1515(8)
4 x Gd 4.1561(7) 2 x Gd 3.176(2)

#Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Basic physical parameters of the RAL,Si,_, (2-ThSi,-type; R = La-Gd), RALSi, (CaAl,Si,-type; R = Eu, Yb) and R,Al3Si, (Y,Al;3Sir-type; R = Tb-

Tm) compounds

Compound Magnetic behavior gIT+1 Herr (uB) 0, (K) n/T: (K) paos (p€2em) Reference
LaAl; 04Sig96 Pauli paramagnetic 0 0 — — 35 This work
CeAlj 5Sig.08 Ferromagnetic 2.54 2.28 12.3 10 68 This work
CeAlSi Ferromagnetic 2.50 -25.5 7.1 [7

CeAl; »>Sip s Ferromagnetic 2.64 —11.0 <4.2 7]

CeAl; ;Sip g Antiferromagnetic 2.58 —13.4 4.2 200 [6]

PrAl; 19Sig g Ferromagnetic 3.58 3.38 25.5 17.8 60 This work
PrAl, 15Sip.gs Ferromagnetic 3.46 26.9 18.2 This work
NdAl, 11Sig g9 Antiferromagnetic 3.62 3.52 —11.4 4.8 39 This work
SmALl, ¢7Sip.03 Antiferromagnetic 0.85 0.65 —10 9 46 This work
FEuAlSi, Antiferromagnetic 7.94 (EifY) 7.82 23 35.5 120 [33]
GdAlg ogSiy 02 Antiferromagnetic 7.94 7.95 —103 32 90 This work
Tb,Al3Si, Antiferromagnetic 9.72 9.24 —26.8 15.8 22 This work
Dy,Al;Si, Antiferromagnetic 10.65 10.66 —-17.8 11.8 29 This work
Ho»Al;Si, Antiferromagnetic 10.61 10.4 —15.2 7.8 and 4.5 17 This work
Ho,AIl;Si, Antiferromagnetic 11.2 —10.5 7 ~25 [21]
Er,Al3Si, Antiferromagnetic 9.58 9.68 —6.1 4.2 19 This work
Er,Al;Si> Antiferromagnetic <4 ~25 [21]
Tm,Al;Si, Antiferromagnetic 7.56 7.64 6.4 8.6 and 2.9 190 This work
Tm>Al3Si, Antiferromagnetic 7.58 4 7 ~25 [21]
YbALSi, Pauli paramagnetic 0 (Yb>") 0 This work
YbALSi> mixed-valent Yb>* ] Yb*+ 4.54 (YV) 2.57 —382 [29]
LuAlSi Pauli paramagnetic 0 0 This work

Note: Results from previous studies, where available, are shown in italics.

observed metallic properties (Table 4), may suggest that
the above-mentioned formal electron count is overly
simplistic, as fixed stoichiometry and semiconducting
behavior are characteristics of the classic Zintl phases.
Our recent structural and computational studies on the
metallic behavior in another Zintl phase, EuGe, [29],
demonstrate that the classic Zintl reasoning, ignoring
the contributions between cations and polyanions over-
simplifies this simple rare-earth-based germanide as
being a semiconducting material. In that sense, the
equiatomic RAISi and RAIGe ternaries can be regarded
as metallic Zintl phases, which are capable of forming
thermodynamically stable solid solutions RAIL,Si,_, and
RAI1,Ge,_,. Therefore, it will be important to study in
deeper detail the properties of more solid solution
phases across the regions of structural stability, espe-
cially for the early members of the lanthanide family.
For these f-block elements, the larger size of the R*>™"
cations may provide for some unrecognized but
important R—R interactions, which could explain the
great variation of physical properties by simply alloying
the polyanionic Si-based framework with electron
poorer Al. This process not only changes the number
of valence electrons but also expands the lattice as the
covalent radius for Al is nearly 7% larger than that of Si
[30]. This, in turn, results in significant lattice expansion/
contractions, especially along the c-direction—e.g., there
is a difference of almost 1.1 A going from CeSi,_, with

¢ =13.815A to CeAl, ,Sipc with ¢ = 14.90 A (Table 1).
Since both the bond distances and the electron count
vary simultaneously, the subsequent crystal structure
and property investigations should be coupled with
comprehensive band structures analyses to fully eluci-
date the nature of these phenomena.

3.2. Phase equilibria

Several comprehensive studies have dealt with the
phase equilibria in certain isothermal sections of the R-
Al-Si phase diagrams [1,2,6-9]. Tremendous efforts have
been made to identify and structurally characterize all
structure types in which the binary R-Si, R-Al, and the
corresponding R-Al-Si phases crystallize.

In the Si-rich part of the phase diagrams [31], there
are three major types in which the corresponding binary
compounds crystallize: (1) «-ThSi, (I4,/amd); (2) o-
Gd,Si3 (Imma); and (3) AlB, (P6/mmm). The structure
types observed depend largely on the atomic radius of
the rare-earth and the degree of non-stoichiometry
(most of these are non-stoichiometric phases as already
discussed). Thus, the ecarly lanthanide RSi,_, com-
pounds (R = La-Sm, i.e., larger cations) predominantly
crystallize in the a-ThSi,-type. Moving to the right in the
rare-earth series, i.e., decreasing atomic size, gradual
transitions to orthorhombically distorted «-Gd,Sis-
type, and hexagonal AIB, are observed. In many
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non-stoichiometric RSi,_, compounds, especially with
the late lanthanides, partial ordering of the vacancies
frequently results in novel structure types and super-
structures [1-3].

Similar systematic evolutions can be inferred for the
binary R-Al compounds [3], but insights are more
difficult in the ternary R-Al-Si systems, because there are
more than 10 common structure types in which these
materials crystallize [1-3]. Effects such as ternary solid
solubility and the existence of low and high-temperature
modifications complicate the structural analysis even
further. Some classifications and systematic studies of
equiatomic RAISi [8] and RAIGe [8,12,32] have already
been published. These structural data on ““on-stoichio-
metry”’ prepared compounds establish that when R is a
small rare-earth (Tb-Lu), the corresponding RAISi and
RAIGe compounds crystallize with the orthorhombic
Y AlGe-type [8,12]. In contrast, when R is a large rare-
earth (La-Gd), the tetragonal o-ThSi,-type (or its
ordered variant) is realized. Exploration of the nearly
equiatomic R-Al-Si, R-Al-Ge and R-Al-Sn sections of
the corresponding phase diagrams (R = La to Gd), done
by means of arc-melting and subsequent annealing,
suggests that the structure types in which the resulting
ternary compounds crystallize strongly depend on the
valence electron concentrations [16]. Our studies carried
out with fixed R:Si ratios (~1:2) under Al flux-growth
conditions (i.e., large excess of Al), show that certain
crystal structure types appear dominant for specific
lanthanides. These can be divided in two large sub-
groups in regard to the rare-earth size: the first half of
the trivalent rare-earth metals (R = La-Gd) invariably
yields RA1,Si,_, with the a-ThSi, structure, whereas the
second half favors the formation of R,Al;Si, with the
Y,Al3Si, structure (R = Tb-Lu). The last lanthanide
element, Lu, under the same conditions forms LuAlSi
with the YAIGe-type, a deviation from the general
trends which is most certainly due to very small ionic
size and/or completely filled f-shell. Eu and Yb are
certainly exceptions from the two subgroups due to their
tendency to be in divalent oxidation states, a result of
the stabilization of half-filled and completely filled f-
shells for Eu?" and Yb?", respectively. Thus, indepen-
dent of the differences in the Eu®* and Yb>" ionic radii,
the corresponding Eu-Al-Si and Yb-Al-Si reactions at
these specific conditions (above) yield RAISi, (R = Eu,
Yb) with the trigonal CaAl,Si,-type [33].

It is interesting to note that in all of our studies, initial
R:Si:Al ratios were always kept close to 1:2:20, yet a
ratio of R:Si = 1:2 in the reaction products is preserved
only in the case of RAL,Si, (R = Eu, Yb). These two flux
reactions prove to be particularly sensitive to this
stoichiometric ratio, and by employing Si-leaner condi-
tions, crystals of EuAlSi,_, (AlB,-type) or even
EuAl,Siy_, (BaAly-type), and YDbAISi (YAlGe-type)
can be grown successfully from Al flux using variations

of the temperature profiles described above [34].
Experimental efforts to precisely determine the phase
boundaries in these systems are currently underway.

On the other hand, all other reactions loaded with
compositions R:Si:Al = 1:2:20 (R = rare-earth, exclud-
ing Eu, Yb) afford the formation of RAISi and R,Al;Si,,
where the R:Si ratio in the products is exactly or close to
1:1. This may indicate that at temperatures above
700 °C, in that section of ternary phase space, RAISi
(or rather RAIl;_,Si;+,) and R,Al3Si, are the most
thermodynamically stable phases. Our exploratory
studies demonstrate that small changes in the initial
composition do not affect the reaction outcome in these
cases, whereas small changes in the heat treatment
apparently shift the phase equilibria in the RAISi, .
solid solutions, as seen, e.g., in the Ce-Al-Si system
(Fig. 1). The stoichiometric breadth of these RAI,Si,_,
ternaries is strongly dependent on the nature of R, with
x varying between ~0.4 and ~1.4 in the case of La, Ce
or Pr [6,7,9,16]. For SmAIl,Si,_, and GdALSi,_, (i.e.,
those with considerably smaller ionic radii), the phase
width appears to be much narrower with x in the range
of ~0.9 to ~1.1.

Nearly equiatomic RAILSi,_, (R = La, Ce, Pr, Nd,
Sm, Gd) phases, i.e., x~1, can be made in a rational
manner from pure elements in high yields, whereas
reactions intended to produce R,Al;Si, (R =Tb, Dy,
Ho, Er, Tm) from stoichiometric pure elements yield
mixtures of phases. This seems to indicate that
RAl1Si,_, with the o-ThSi, structure are the most
thermodynamically stable phases at all temperatures for
nearly equiatomic compositions in all R-Al-Si (R = La,
Ce, Pr, Nd, Sm, Gd) systems, and the structural stability
is governed by a delicate interplay of electronic and
packing requirements as discussed above. In contrast,
the R,Al;3Si, (R = Tb, Dy, Ho, Er, Tm) compounds are
apparently high-temperature phases and their stability is
probably determined by the packing requirements of the
rare-earth metals. In the case of RAIL,Si; (R = Eu, YD),
both can be made in high yields from reactions loaded
“on-stoichiometry”, which suggests that these are
thermodynamically stable phases in the Eu-Al-Si and
Yb-AI-Si systems at these compositions and tempera-
tures. Additionally, the fact that this structure type is
adopted only by the divalent cations indicates that
electronic requirements play a crucial role in structure
stability. Comprehensive band calculations on the
CaAlSir-type can be found elsewhere [35].

3.3. Physical properties

Details on the electronic and magnetic properties of
each R-Al-Si compound described in the previous
section will be given full consideration elsewhere.
Herein, we present a brief comparative description of
the basic features of the title compounds, as well as
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highlight some peculiarities in the evolution of physical
properties. Important physical parameters are summar-
ized in Table 4.

3.4. CeAl.Sir .

There are a few reports on the properties of
CeAl,Si>_, with the «-ThSi,-type and they do not agree
[6,7,9]. Aside from the fact that CeAl,Si,_, exists as an
almost infinite number of solid solution phases, there are
large variations between the properties of Ce-Al-Si
samples with apparently identical compositions [6,7,9].
For instance, the Al-rich phase CeAl, »Sigg is reported
by Dhar and Pattalwar [7] to order ferromagnetically
below 4.2 K, while another group reports antiferromag-
netic behavior for a sample with the same composition
[6]. Both of these studies were performed with poly-
crystalline samples, which may explain this variation.
Our single-crystal study provides further evidence for
ferromagnetic order in CeAl,Si,_, with 0.8<x<1, as
can be seen in Fig. 2, which supports the results of Jung
et al. [9], also obtained on flux-grown crystals. The
observed effective moment deviates somewhat from that
expected free ion Ce®" moment of 2.54 ug, most likely
due to the strong anisotropy in y(7) for H||c and HLc.
Additionally, the observed curvature in y~'(7T') suggests
that these materials exhibit strong crystal field interac-
tions below about 100 K (Fig. 2, inset). Field-dependent
magnetization measurements at 5K for CeAl; ¢>Sig.o8
reveal a tendency for saturation at sufficiently high
magnetic fields (6~0.92 uz at 50kG). Resistivity data
taken on CeAl; ¢,Sigog crystals confirm the magnetic
ordering temperature derived from the magnetic mea-
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Fig. 2. Magnetic susceptibility y(7') for a single crystal (H||c) of
CeAl; 5Sig 03, measured in a magnetic field H = 1kG. Inset: Inverse
magnetic susceptibility y~'(T). The departures from linear y~'(T)
Curie-Weiss behavior are likely due to thermal population of excited
crystal field levels and ferromagnetic interactions.

120F . , ' | | _

-t
,.-"" g Pr J

o oo

100 _ o ..~""‘ ot GO Gd
. 80 —
E Ce
: | |
< 60 s
QU » :
40 .
e [ H\IIHIIII\III\IIII i La_

20 |gm

1 1 n 1 n 1

0 50 100 150 200 250 300 350
T(K)

Fig. 3. Four-probe electrical resistivity data for all RA1,Si,_, phases
(R =La, Ce, Pr, Nd, Sm, Gd) crystallizing with the «-ThSi,-type.
Inset: Resistivity (arbitrary units) for CeAl,Si,_,, PrAlSi,_, and
GdAL,Si,_, at temperatures near their respective magnetic transitions.

surements, as evidenced from the kink in the p(7)
curvature at around 10K (Fig. 3, inset). The relatively
high room temperature resistivity (Fig. 3), and the small
resistivity ratio (on the order of 4) indicate that
CeAl; (»Sigog may be a poor metal. These observations
and the ferromagnetic ground states are further
corroborated by calorimetry and Hall-coefficient mea-
surements that reveal a low carrier density [36]. Thus, all
of the above seems consistent with charge-balancing
arguments, e.g., (Ce® " )(3b-AI*7)(3b-Si' ") based on the
Zintl formalism (see Section 3.1).

3.5. PrAl.Si> .

Similar to CeAl,Si,_,, a wide homogeneity range also
exists for PrAl,Si,_,. Hence, magnetization measure-
ments were performed on a crystal with composition
PrAl; 10Sij 51, i.e., with x~0.2, a value determined from
elemental analysis (Table 1), as well as for a crystal with
composition close to PrAl; ;sSipgs (inferred from the
difference in the unit cell constants; a = 4.2263(1) A;

° o3
Cc= 145343(5)A, V =259.61A for PI'A]]AI()SiOAgl, and

a=42045()A; ¢=144731(5)A: ¥ =25829A" for
PrAl, 15Siggs, respectively). Both samples were found
to order ferromagnetically below T .~18K (Fig. 4a).
The effective moments determined from fitting the data
above 50 K with the Curie-Weiss law are very close to
that expected for Pr’" (Table 4). Heat capacity data
taken on a crystal of PrAl; 19Sigg; confirm the ordering
temperature derived from the y(7) dependence. Elec-
trical resistivity measurements on both samples exhibit a
small drop in p(T) at T = 18 K, corresponding to the
onset of ferromagnetic order (Fig. 3, inset). The room
temperature resistivity p,o3~60 uQ cm is higher than that
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Fig. 4. Magnetic susceptibility y(7) for PrAlSi,_, (a), NdALSi,_, (b), SmAlSi,_, (¢) and GdALSi,_, (d), measured on single crystals in a
magnetic field H = 1kG with H||c. Inset: Inverse magnetic susceptibility y~'(7). For PrAl,Si,_, (a), two measurements on samples with slightly
different compositions are superimposed; variation in their respective behavior is observed.

expected for a normal metal, which together with the
small residual resistivity ratio and the high residual
resistivity p,~15uQcm provides further evidence in
support of the above-mentioned Zintl concept. More
comprehensive property measurements on a greater
variety of PrAl,Si,_, phases are currently under way.

3.6. NdALSi;_,

Measurements are reported for a phase with composi-
tion NdAI, ;3)Sig.s9¢3). This compound, unlike its Ce-
and Pr-counterparts, orders antiferromagnetically at
Tn~4.8K, determined from the mid-point of the jump
in dy/dT (Fig. 4b). An anomaly in the specific heat
C(T) data at the same temperature confirms long-range
order. Above the Néel temperature, y(7) behavior
follows the Curie-Weiss law, and fitting the linear
1/¢(T) data yields an effective moment p = 3.52 g,
close to that expected for Nd** (u.p = 3.62 up), and a
Weiss constant 0, = —11.4 K. Resistivity measurements
show NdA11'11(3)Si0.89(3) to be metallic (Flg 3), with
room temperature resistivity p,os~40puQcm (Table 4),
and residual resistivity p,~9 uQcm. Since the antiferro-
magnetic ordering temperature is below 5K and the
measurements were carried out only down to that
temperature, no anomalies in p(7") are observed.

3.7. SmAL.Si>_,

Magnetization measurements were performed for only
one sample with composition SmAl, o7(3)Sig 933). Because

of the small effective moment on Sm*" (Table 4) and
the significant diamagnetic core and strong van Vleck
paramagnetic contributions to the magnetization, the data
were fitted with the modified Curie-Weiss law y(T) =
%0+ C/(T—0,) [37], which resulted in y,=74x
10> emu/mol and 0, = —10K (Fig. 4c). The calculated
effective moment p gy = 0.65 g is close to that expected
for Sm*" (Table 4). Field-dependent measurements at 2, 5
and 10K for the same sample do not show a tendency for
saturation up to magnetic of 50 kG. Reliable determina-
tion of the ordering temperature from the susceptibility
data was not possible, but specific heat measurements in
the range 2-20K reveal two anomalies at approximately
9.5 and 5.5K. These are likely indications of antiferro-
magnetic order; however, more measurements on different
samples are needed to confirm this. Resistivity data taken
on single crystals of SmAIl, ¢73)Sip033) reveal metallic
behavior (Fig. 3), with pyge~46 1Qcm and py~12 uQcm,
respectively. To determine the carrier concentrations and
the nature of the relatively better conductivities for both
NdA11'11(3)Si0_89(3) and SmA11.07(3)Si0.93(3), Hall-coefficient
measurements are presently in progress.
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3.8. GdAL.Si,_,

A crystal of GdAl gg3)Sij.023) Was thoroughly char-
acterized by means of single-crystal X-ray diffraction
(above), magnetic and resistivity measurements. Similar
to all other R-Al-Si phases discussed herein with the «-
ThSi, (14/amd) type, GdAISi is a poor metal with room
temperature resistivity p,93~90uQcm (Table 4), and
residual resistivity p,~30 pQ cm. A kink in p(7) is found
at ~32K (Fig. 3, inset), corresponding to the onset of
antiferromagnetic order, an observation that was con-
firmed from the analysis of the magnetic susceptibility
data (Fig. 4d). Above the Néel temperature Ty = 32K,
%(T) follows the Curie—Weiss law, yielding an effective
moment i = 7.95 ug, close to that expected for Gd**
(ere = 7.94 ug), and a Weiss constant 0, = —103K.
Jung et al. [9] report on very similar bulk magnetism
data, also obtained on flux-grown crystals, although
their work suggests slightly different composition—
GdAlyoSiy 1.

3.9. RyAl3Si> (R = Th-Tm)

Reports on the crystal structures and some of the
properties of these compounds exist [21,22]. These
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materials crystallize as long needle-shaped crystals and
all magnetic measurements were performed with mag-
netic field parallel to the direction of the needle, which
was assumed to be the b-axis. Because of the low
symmetry, monoclinic, the orientation of the a- and c¢-
axis within the plane perpendicular to the magnetic field
remained unknown. Multiple measurements on the
same crystals in different orientations (the external
magnetic field always parallel to the needle-axis)
revealed very strong magnetic anisotropy, as expected
for such a low crystal symmetry. The magnetic suscept-
ibility vs. temperature for R,Al3Si, (R = Tb-Er) is
shown in Fig. 5. Cusp-like features are visible in the
data at ~16, ~12, ~8 and ~4K for Tb,Al;Si,,
Dy2A13Si2, H02A13Si2 and Er2A13Si2, respectively, in-
dicating the onset of long-range antiferromagnetic order
in these materials. Careful measurements on Ho,Al;Si,
show that this compound undergoes another transition
at ~4.5K. The corresponding Néel temperatures (7N)
were determined from the mid-point of the jump in
dy/dT and are given in Table 4. Above the Néel
temperatures, y(7") for all four follow the Curie—Weiss
law, and fitting the inverse susceptibility data to a
linear equation gives the effective moment i = 9.24 up
for T " in TboAlsSiy, piey = 10.66 uy for Dy’ in
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Fig. 5. Magnetic susceptibility y(7') for Tb,Al;Si, (a), Dy>Al;Si; (b), Ho,Al;3Si; (¢) and Ho,Al;Si, (d), measured on single crystals in a magnetic field
H = 1kG with HJ|b. Inset: Inverse magnetic susceptibility y~'(7"). For Ho,Al;Si5 (c), the upper left inset shows the presence of two transitions at

around 7.8 and 4.5 K, respectively.
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Dy,Al3Sis, e = 10.4 up for Ho? " in HooAl3Sia, preg =
9.68 ug for Er’" in Er,Al;Si,, respectively. The derived
negative Weiss constants range from 6, = —26.8 to
—6.1 K, indicating weak antiferromagnetic interactions.
These numbers compare well with the theoretical values
for free ions (Table 4), although some discrepancies exist
between these values and that which is reported in the
literature [21]. Most likely, these disagreements are due
to strong magnetic anisotropy and differences in the
measuring techniques, e.g., oriented single crystals vs.
powdered polycrystalline samples. The ordering tem-
peratures derived from the magnetic susceptibility data
are corroborated with resistivity measurements (Fig. 6),
which show all R,Al5Si, (R = Tb, Dy, Ho, Er) phases to
be good metals with room temperature resistivities
Pr93~20—25puQcm, and very low residual resistivities
po~2—5pQcm. In the case of Tm,Al;Sip, the room
temperature resistivity p,o3~190 pQcm, and the residual
resistivity py~15pQ cm are considerably higher (below).

The results from the magnetic measurements obtained
for R,Al3Si, (R=Tb, Dy, Ho, Er) are in good
agreement with those expected from the de Gennes
scale [38], as evidenced from Fig. 7. However, data for
Tm,Al3Si, evidently deviate from it, as the first
antiferromagnetic ordering that Tm»>Al;Si, undergoes
is at temperature 7N = 8.6 K. The experimental Néel
temperature value, determined from the mid-point of
the jump in dy/dT, is almost three times higher than
what the theory predicts. Additionally, the compound
undergoes a second transition at around 2.9 K (Fig. 8,
left inset), which coincides with the expected 7 from de
Gennes scale [38]. Four-probe resistivity measurements
provide additional evidence for both transitions, as
shown in Fig. 9. Above the Neéel temperatures, the
magnetization data obey the Curie—Weiss law and an
effective moment of 7.56 ug (Table 4) can be easily
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Fig. 6. Four-probe electrical resistivity for RAl;Si, phases (R = Tb,
Dy, Ho, Er), crystallizing with the C-centered monoclinic Y,Al;Si,-
type. Inset: Resistivity (arbitrary units) at temperatures near the
respective antiferromagnetic transitions.
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ity at temperatures near the respective antiferromagnetic transitions.
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obtained. This effective moment and Weiss constant
0, = 6.4K compare well with the theoretical puep for
Tm®" ion, as well as with previously reported data on
Tm,Al;3Si, [21]. The ordering temperatures between the
present and the earlier study agree fairly well, although
the latter work on polycrystalline sample provides no
evidence for the existence of second antiferromagnetic
transition at 2.9 K. It rather discusses the possibility for
a metamagnetic transition at a critical field of about
6kG.

The structures and the properties of these two
materials have been fully characterized in an earlier
publication by Kranenberg et al. [33,39]. The results
reported therein have been obtained on polycrystalline
samples, and our measurements on single crystals
reproduce most of the data within the experimental
errors. A noteworthy difference between the two studies
is the magnetism of YDbAI,Si,, which has been inter-
preted originally as a mixed-valent compound [33],
whereas our experimental results on single crystals fail
to provide any evidence for mixed-valency. For that
matter, discrepancies between the measurements on the
same compounds in polycrystalline and single-crystal
forms are not unprecedented [40,41]. This is especially
true for Ce-, Eu- and Yb-based intermetallics, where
interplay between oxidation states is possible, and traces
of unrecognized impurities in polycrystalline samples
may lead to errors in the experimental data and
inaccurate interpretations. Systematic magnetic, resis-
tivity and calorimetry measurements on single crystals
EuAl,Si, and YbAILSi, will be reported in a forth-
coming publication [13].

4. Conclusions

Reactions of all R (rare-carth) with Si and Al have
been explored. Using Al in 20-fold excess as a flux, large
single crystals of several types of ternary R-Al-Si phases
were obtained. Depending on the nature (size) of R, the
outcome of these flux reactions can be systematized as
follows: (1) the early trivalent rare-carths (R = La, Ce,
Pr, Nd, Sm, Gd) yield solid solution RAI,Si,_, phases,
which are ternary derivatives of the body-centered
tetragonal a-ThSi,-type; (2) the late trivalent rare-earths
(R = Tb, Dy, Ho, Er, Tm) form stoichiometric R,Al;Si,
compounds which crystallize in the C-centered mono-
clinic Y»Al;Si,-type; (3) the divalent Eu and Yb behave
differently, as expected, and produce EuAl,Si, and
YbAILSi, with the trigonal CaAl,Si>-type, while the last
lanthanide element, Lu, forms LuAlSi with the C-
centered orthorhombic YAIGe-type.
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