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Gd 33Pt3Alg was synthesized by the combination of Gd and Pt in excess liquid aluminum. Addition of silicon resulted
in the incorporation of a small amount of this element into the material to form the isostructural Gd, 33Pt;Al;Si. Both
compounds grow as rodlike crystals with hexagonal cross section. The structures were refined in the rhombohedral
space group R3m, with cell parameters a = 4.3359(6) A and ¢ = 38.702(8) A for the ternary and a = 4.3280(8)
A and ¢ = 38.62(1) A for the quaternary compound. The structure is comprised of stuffed arsenic-like PtAl, layers
and disordered Gd/Al layers. Analysis of the hk0 zone reflections indicate the presence of an a* = +/3a supercell,
but the structure is not ordered along c, as revealed by the highly diffuse reflections in the Okl zone photos.
Therefore, the compounds are disordered variants of the Gd4PtsAly4 type. Magnetic susceptibility studies reveal
antiferromagnetic transitions at 15 K for the ternary and 7 K for the quaternary compound. Variation of the reactant
ratio produces a different structure comprised of the same structural blocks, including the disordered Gd/Al layer.
Gdoe7PtoAls and its quaternary analogue Gdoe7PtAl,Si form in the hexagonal system P6s/mmc with cell parameters
a=4.2907(3) A and ¢ = 16.388(2) A for the ternary and a = 4.2485(6) A and ¢ = 16.156(3) A for the quaternary
compound.

Introduction Low melting fluxes are even more useful in exploratory
synthesis. A number of new compounds with complex
stoichiometries have been discovered recently by combining
a rare earth element, a late transition metal, and a group 14

Synthesis in a flux medium offers a great advantage in
growing high-quality crystals of a number of compounds.
Large crystals of refractory bor.|des such as ?T'BBz’. a}nd element in liquid aluminum or gallium. With nickel alone,
LaBs can be grown from a'“”.“”“.m quk.GaI!mm nitride a plethora of new structures have resulted, such as RENIAl
can l?e grown fr(_)m t_he combination of gglllum metal and Gend RENi(Ni,Sir_)Al1Sie5 RE, s NixGaGe (RE = rare
NaNs; heating this mixture causes the azide to decomposeearth), and the aforementioned YNiSiThe flux acts as a

to r:]_lt[]ogetn (thfhs?lurc? of mt:olgen f?l; (?aN) a\r/]v?hsr? dium solvent to a wide range of reactants, particularly for group
(which acts as the flux for crystal growthF-lux gro as 14 elements silicon and germanium, which are rendered

also allowed for the deterr‘r_]matlon of c_:rystal structures of active at temperatures well below their normal melting points.
r(_afractory compounc_js previously only |solablg as powders Lower temperatures generally facilitate the formation of
via the stanQard high-temperature synthesis  routes. Forkinetically derived materials that may not be accessible by
mst'ar'\ce, g_alhum flux was used to grow large c;rystals Pf traditional high-temperature synthetic methods such as arc
YNiSis, which allowed the structure and properties of this melting or rf heating. Even within the flux growth scenario,
compound to be determinéd. variation of the reaction time and temperature can influence
the product outcome within a system.
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Latturner and Kanatzidis
Table 1. Crystallographic Data and Structural Refinement Parameters fogdelAl s, Goi.3Pt.0Al6.7Si0, GhePbAls, and Gd s LAl 4Si

Gdi3PBAlg Gdy3PBAISI GahsPLAl5 Gdo.sPBAILSI
fw 1010.26 1011.37 630.45 631.55
space group R3m R3m P6s/mmc FBs/mmc
a(h) 4.3359(6) 4.3280(8) 4.2907(3) 4.2482(6)
c(A) 38.702(8) 38.62(1) 16.388(2) 16.156(3)
V (A3) 630.12 626.52 261.28 252.51
z 3 3 2 2
ealc (9/cn) 7.987 8.042 8.014 8.307
temp €C) 25 25 25 25
radiation Mo Ko Mo Ko Mo Ko Mo Ko
u (mm™2) 38.82 19.53 33.32 32.31
R1/WR2 [ > 20(1)]2 0.0208/0.0476 0.0351/0.0903 0.0231/0.0551 0.0300/0.0693
R1/wR2 (all data) 0.0245/0.0487 0.0377/0.0913 0.0271/0.0565 0.0309/0.0700

AR1 = Z||Fo| — |Fe|l/Z|Fol; WR2 = [EW{|Fo| — |Fc}ZZwW|Fo|ZY2 w = 1/6¥|Fol}.

Our exploration of complex intermetallics grown from performed using a JEOL JSM-35C scanning electron microscope
liquid aluminum and gallium has recently been extended to equipped with a Tracor Northern energy dispersive spectroscopy
incorporate the third row transition metals. Syntheses using (EDS) detector. Data were acquired using a 20 kV accelerating
gold have resulted in a number of new phases such as thevoltage and an accumulation time of 50 s. The elemental ratios in
Thy(Au,Sii—)[AUAl 1] .Sk, series, characterized by the pres- the approximately 60 analyzed crystals from the 1:1:12 and 0.33:

ence of AuA} slabs of varying widthg.Platinum is being

1:12 ternary reactions were very consistent, with average composi-

investigated for comparison and in anticipation of a similar tions of GP{Alz and GdPAIs, respectively. Crystals isolated from

broad range of new structures. Platinum intermetallics are
also of interest for use as cataly’sand for high-temperature
applications such as inert coatings for titanium alldytere

we report the structural and magnetic properties of four Gd/
Pt/(Al,Si) intermetallic compounds grown from liquid alu-
minum. Their structure features platinum atoms in a stuffed
arsenic type coordination environment and a monatomic
plane of rare earth ions and triangles of aluminum atoms
which exhibits extensive stacking disorder. In the, GBt-
(Al,Si)g structure, this disorder results in a higher apparent
symmetry than is present in the recently reported ordered
archetype GgPBAl,,, which is comprised of the same
building blocks'® The relationship between these compounds
will be discussed.

Experimental Procedure

Synthesis In a nitrogen-filled glovebox, Gd (Cerac, 99.9%), Pt
powder (Alfa-Aesar, 99.95%), Al pellets (Cerac, 99.99%), and Si
(Cerac, 99.9%) were combined in a 1:1:10:5 molar ratio in an
alumina crucible. This was placed into a fused silica tube which
was sealed under a vacuum of-20rorr. This sample was then
heated to 1000C in 12 h, held at this temperature for 15 h, cooled
to 860°C in 1 day, annealed at 86T for 2 days, and slowly
cooled to room temperature over 3 days. The aluminum flux was
removed by soaking the crucible 5 M NaOH for 1 day. Single
crystals were selected from the product for elemental analysis, X-ray
diffraction, and magnetic susceptibility measurements. The yield
of Gd, 3PEAISI was very low (10%, based on rare earth), so

additional syntheses were explored in an attempt to increase the

yield. A synthesis carried out without silicon (Gd:Pt:Al ratio 1:1:
12) yielded a ternary version of the compound,; @GBtAlg, in
12% yield based on Gd. A Gd/Pt/Al/Si reactant ratio of 0.33:1:10:
5, prepared in the same manner, producegb@&hAl ;Si, a different
quaternary compound, in 20% yield based on Gd. Omitting the
silicon in this reaction (Gd:Pt:Al ratio 0.33:1:12) resulted in the
ternary version GghkPhAls, in 25% yield based on Gd. The
majority product in all three syntheses was GgAl

EDS Analysis Selected single crystals were affixed to an SEM

plate using carbon tape. Microprobe analysis of these samples was
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the quaternary reactions were found to have elemental ratios of

GdPtAI6Si (from the 1:1:10:5 reactant mixture) and GgR4Si
(from the 0.33:1:10:5 synthesis). The Gd:Pt:(Al Si) ratios
observed for all the products are in fair agreement with the results
obtained from the X-ray refinement (vide infra), the only discrep-
ancy being slightly low aluminum readings.

X-ray Crystallography. Full-sphere single-crystal X-ray dif-

fraction data for the ternary and quaternary compounds were

collected at room temperature on a Bruker AXS SMART CCD
diffractometer. Data processing was then performed using the
program SAINT; an absorption correction was applied to the data
using the SADABS prograrit. The structure was solved using direct
methods and refined with the SHELXTL package of prografms.
The crystallographic and refinement data are listed in Tabtes 1
The aluminum and silicon atoms in the quaternary materials could
not be distinguished in the X-ray refinement due to their similar
number of electrons. Bond length analysis also proved inconclusive,
indicating that silicon might be substituting in small amounts on
all aluminum sites (vide infra). The refinements were therefore
carried out using aluminum on all the possible mixed sites. Bond
lengths and angles are shown in Table 6. X-ray photographs of the
hk0 and &I zones were collected on multiple crystals of the &d
Pt(Al,Si)g compounds with 3000 s exposures.

Magnetic Susceptibility MeasurementsMagnetic susceptibility
measurements were carried out with a Quantum Design SQUID
magnetometer at temperatures between 2 and 300 K. For isotropic
data, selected crystals were ground into powder and placed into a
polypropylene sample holder. Field-cooled and zero-field-cooled

(7) Latturner, S. E.; Bilc, D.; Mahanti, S. D.; Kanatzidis, M. Ghem.
Mater. 2002 14, 1695-1705.

(8) Komatsu, T.; Mesuda, M.; Yashima, Appl. Catal., A2000 194,
333-339.

(9) Gurrappa, I.; Gogia, A. KSurf. Coat. TechnoR001, 139, 216-221.

(10) Thiede, V.; Fehrmann, B.; Jeitschko, ¥.Anorg. Allg. Chem1999
625 1417-1425.

(11) SAINT, version 4; Siemens Analytical X-ray Instruments, Inc.:
Madison, WI, 1995SADABS University of Gdtingen: Gitingen,
Germany.

(12) Sheldrick, G. M.SHELXTL Structure Determination Programs

version 5.0; Siemens Analytical X-ray Instruments, Inc.: Madison,

WI, 1995



GdysPts(Al Si)s and GabsPE(Al,Si)s

Table 2. Atomic Positions and Equivalent Isotropic Displacement
Parameters (A for Gd, 3PBAlg

atom  site X y z Ued occ

Gd & 0 0 0.26936(3) 0.0059(4) 0.670(4)
Pt(1) 3 0 0 0 0.00543) 1

Pt(2) & O 0 0.12071(1) 0.0060(2) 1

Al(l) 6¢c O 0 0.4442(1)  0.0074(9) 1

Al(2) 6¢c O 0 0.1865(1)  0.0073(9) 1

Al(3) 6¢c O 0 0.3507(1) 0.0081(9) 1

Al(4) 18h 0.540(1) 0.460(1) 0.3947(2) 0.010(3) 0.35(1)

a|n this and subsequent tablddy, is defined as one-third of the trace
of the orthogonalizedJ; tensor.

Table 3. Atomic Positions and Equivalent Isotropic Displacement
Parameters (A for Gy 3Pt.0Al6.7Sit 0

atom  site X y z Ueq occ

Gd & 0 0 0.26938(5) 0.0054(8) 0.624(7)
Pt(1) & O 0 0 0.0077(5) 1

Pt2) & O 0 0.12077(2) 0.0087(5) 1

A1) 6¢c 0 0 0.4438(2) 0.011(2) 1

Al(2) 6c 0 0 0.1864(2) 0.011(2) 1

A3) 6c 0 0 0.3511(2) 0.009(2) 1

Al(4) 18h 0.540(2) 0.460(2) 0.3947(3) 0.008(5) 0.29(2)

Table 4. Atomic Positions and Equivalent Isotropic Displacement
Parameters (A for Gdy ¢PLAls

atom  site X y z Ueq occ

Gd x 13 2/3 1/4 0.0064(3) 0.690(6)
Pt(1) 4 1/3 2/3 0.60832(2) 0.0061(2) 1

Al(1) 4e O 0 0.1345(2)  0.0070(5) 1

Al(2) 4f 173 2/3 0.0464(2)  0.0072(5) 1

Al(3) 6h 0.539(1) 0.077(2) 1/4 0.010(2) 0.37(2)

Table 5. Atomic Positions and Equivalent Isotropic Displacement
Parameters (A for Gdy 6P LAl 4Si

atom  site X y z Ueq occ
Gd =x 13 213 1/4 0.0095(9) 0.525(6)
P(l) 4 1/3 213 0.61015(4) 0.0104(4) 1
Al(l) 4e O 0 0.1382(3)  0.013(1) 1
Al(2) 4f 1/3 2/3 0.0479(3) 0.009(2) 1
Al(3) 6h 0530(1) 0.061(3) 1/4 0.015(4)  0.32(2)
Table 6. Selected Bond Lengths (&)
Gdizz  GisPl- Gy 67 Gdoer
PM' 8 Al 7Si PtzA' 5 PtzA' 4Si
Pt(1-Al(4) 2.560(8) 2.55(1)
Pt(1)-Al(8) 2.592(1)  2.591(2)
Pt2-Al(4) 2.485(7) 2.48(1) PtAI(3)  2.509(3) 2.472(4)
Pt2-Al(1) 2.5319(8) 2.530(2) PtAI(l)  2.5141(5) 2.4941(9)
Pi2)-Al(2) 2.546(5) 2.534(8) PtAl(2)  2.536(3) 2.554(6)
2.700(2)  2.696(3) 2.677(1) 2.651(2)
Gd-Pt(2)  3.3301(8) 3.325(1) GePt 3.3953(3) 3.3348(6)
Gd-Al(4)  1.556(7f 155(1f Gd-Al@3)  1.525(8F 1.45(1)
3.002(5)  3.09(1) 3.066(6) 3.079(7)
Gd-AI(3)  3.085(3) 3.071(5) GeAl(l) 3.118(2) 3.046(3)
Gd-Al(l)  3.092(3) 3.077(5) GeAl(2) 3.336(3) 3.265(6)
Al(4)—Al(4) 1.65(1F 1.64(3F AlB)—AI(3) 1.65(1F 1.74(2}
2.69(1)  2.69(3) 2.64(1)  2.51(2)

Figure 1. Representative crystal of GedPtAl;Si, showing rodlike
morphology and hexagonal cross section. Note the striations on the [100]
and [010] faces resulting in a corrugated surface.

Results and Discussion

Gd3PBAlIg and GdsPBAILSI crystallize as metallic-
looking faceted hexagonal rods which can reach up to 1 mm
in length and 0.4 mm in width. Some of the rods are tapered
at one end, forming a pencil shape, as seen in Figure 1. The
rods also appear to have corrugated surfaces; the corrugation
lines are perpendicular to the rod’s long direction, probably
indicative of stacking faults in the crystals along thaxis
(additional support for this hypothesis is discussed below).
GdysPLAls and Gd sPLAILSI also form as hexagonal rods,
but they are not characterized by the aforementioned uneven
surfaces. These ternary and quaternary intermetallics only
account for 16-20% of the solid isolated after removal of
the flux. The remaining product consists predominantly of
GdAl; needles but also contains platelike silicon crystals and
crystals of GAAISk,. Attempts to incorporate a higher amount
of silicon into the quaternary structures failed, resulting
instead in more recrystallized silicon as a byproduct.

Structure Description. The crystal structure of Gd#t-

(Al, Si)s is shown in Figure 2. This material adopts a
disordered modification of the structure of F&Al,4 (RE

= late rare earth; vide infrd}. The latter was described as
triclinic (P1), but Gd sPt(Al, Si)s was found to crystallize

in rhombohedral space groug8m. This structure can be
described as a stacking of three types of layers in a sequence
ABCBA'BC'BA""BC'"B, where A is a P#Al, double layer,

B is a disordered Gd/Al layer, and C is a PtAlngle layer;

see Figures 3 and 4. The positioning of the layers with respect
to each other is indicated by'AA", etc.; as discussed in
the next sections, the staggering of the Gd/Al layer is not
ordered. GglsPL(Al,Si)s can be described in hexagonal

aThese unreasonable interatomic distances are between partially occupiedPace groufé/mmcand is analogous to the new quaternary
sites, as explained in the text.

phases REsNiGa_xGe, recently isolated from gallium
flux.® The structure of GgkPt(Al,Si)s is comprised of two

data were collected at 500 G. To determine the anisotropic Of the building blocks found in the rhombohedral phase

characteristics of the magnetic behavior, rod-shaped single crystals@lternating P#Al, double layers and Gd/Al disordered layers,
of Gdy 3P k(Al,Si)g were aligned along theo-axis between layers
of Kapton tape. FC and ZFC data sets were collected at 500 G coordination environments in both these structures; the Pt
with the c-axis aligned parallel and perpendicular to the magnetic Al4 slab can be viewed as a linked pair of two Ptkiyers.
field of the SQUID. Field dependence data was also collected at 3  PtAl, Single Layer and PtAl, Double Layer. The PtAb
K for both the powder and crystal samples.

as seen in Figure 5. The platinum atoms have similar

slab, shown in Figure 3a, is comprised of a triangular net of

Inorganic Chemistry, Vol. 41, No. 21, 2002 5481



PtAl
layer

PtaAlg
layer

disordered
Gd/Al layer

Figure 2. Structure of GesdtAlg shown as a stacking of layers for clarity.
The absence of drawn bonds between layers is for illustrative purposes only
and does not imply that bonding is weak or absent between the layers.

%
Al(4)
Al(4)

Al(1)
Pt(2)
Al(2) environment
Al(2)

Figure 3. Structural motifs found in the compounds discussed in this
work: (a) the PtA} slab, showing the local environment of the Pt(1) atom
in this layer; (b) the BRl4 slab and the local environment of the Pt(2)

atom in this layer.

Al(3)
Pt(1)
environment

platinum atoms sandwiched between two similar nets of
aluminum atoms. This is the same kind of layer found in
Y,Co:Ga and its aluminum analogu€sand in SmNiAkL-
Ge,.* The triangles of aluminum atoms above and below each
platinum atom create a highly distorted octahedral environ-
ment (severely compressed along the 3-fold axis) for the
platinum in this layer. This can also be described as a
“stuffed” arsenic type slab, with puckered cyclohexane-like
rings centered by a platinum atom. The-Adl distances are
2.85(5) A, whereas the Pl distances are 2.591(2) A. The

(13) (a) Grin’, Y. N.; Gladyshevskii, R. E.; Sichevich, O. M.; Zavodnik,
V. E.; Yarmolyuk, Y. P.; Rozhdestvenskaya, .. \Ba. Phys.
Crystallogr. 1984 29, 528-530. (b) Gladyshevskii, R. E.; Cenzual,
K.; Parthe, EJ. Alloys Compd1992 182 165-170.
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PH(1)
AI(3)
%A'(‘” Gd
<2z
Pr(2)

environment

- A .
Figure 4. Disordered rare earttaluminum layer found in the compounds
discussed in this work: (a) the Gd/Al layer with both sites fully occupied,
viewed down thec-axis, where the 4.3 A cell is indicated; (b) the
superstructure in thab-plane that results from the partial occupancy of
the Gd and Al sites in this layer, where the 7.5 A supercell is indicated in
gray; (c) local environment of Gd in this layer, viewed down tiaxis.

Pt
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Figure 5. Structure of GdePtAls. Bonds between the Gd/Al layer and
the PpAl4 layer have been omitted for clarity.

platinum atoms in this layer are also bonded to Al atoms
above and below the PtAklab at a distance of 2.56(1) A.

The PtAl, double layer is essentially a pair of Pe&lingle
layers staggered and linked through—”l bonds. This
results in a layer of 5.5 A thickness, compared to the 2.6 A
of the single PtAd layer. The platinum atoms in the single
PtAl, layer are perfectly centered between the aluminum
sheets; in the double 2, slab, the platinum atoms are
pushed toward the capping Al(1) layer, resulting in a very
asymmetrical environment shown in Figure 3b.

Disordered Gd/Al Layer. This monatomic layer has
similar characteristics in all four structures studied in this
work. Understanding the disordered configuration of this
layer is key to comprehending the full structure of these
compounds. The Gd atoms are situated in a triangular net
with 4.3 A between neighboring sites. The electron density
at this site indicated less than complete occupancy, and there
was significant residual density in the plane in locations
between the Gd triangles. Putting this density into the model
as aluminum atoms resulted in a large drop in the R-value.



GdysPts(Al Si)s and GabsPE(Al,Si)s

Figure 6. Zone photographs for Gd#Al;Si: (a) thehkO zone photo, which can be indexed on a 7.5 A supereéh] in the ab-plane; (b) thehol zone,
indicating disorder in the stacking of the various planes along-theis.

As shown in Figure 4a, the resulting structure is the same Zone photographs of crystals of G@PtAI;Si were taken
triangular net, comprised now of GdAlnits. This arrange-  to investigate the extent of the Gd/Al layer ordering in the
ment possesses unrealistically short—2d and Al—Al compounds studied here. ShbkO zone acquisition times
distances of 1.451.55 and 1.651.75 A, respectively (see  (less than 600 s) reveal only the seven bright spots in Figure
the highlighted entries in Table 6). Furthermore, partial 6a. These can be indexed on a 4.3 A unit cell, outlined in
occupancies of approximately 66% and 33% were observedwhite in the figure. However, considerably longer collection
for both the Gd and Al atoms in this layer. This phenomenon times (3000 s) reveal weak superstructure reflections in a
is a classic symptom of observing an averaged structurehexagonal pattern, corresponding to the presence of a 7.5 A
through a subcell. In other words, the disordered Gitdler cell which is a+/3a supercell of theR3m structure. These
of Figure 4a is a “collapsed” structure, likely an artifact, weak reflections are not present in the full sphere data due
deriving from the fact that a larger cell is needed to describe to the short exposure times (15 s) used. The supercell and
this part of the structure. A supercell with a cell edge of the indexing based on it are shown in the figure. The
V3a x +/3a (i.e. 7.5 x 7.5 A) could explain both the experimental observation of the supercell strongly supports
structural motif of Figure 4a and the observed occupancies.the ordering model proposed in Figure 4b.
Despite this realization we were not able to index the  The (kI zone photograph in Figure 6b is also highly
collected diffraction data to larger cells than the ones we informative; it indicates that the supercell is not ordered along
report here. the c-axis of the structure. Instead of sharp Bragg peaks, the
This hexagonal REAllayer appears to have exceptional reflections along the*-axis are predominantly faint broad
stability and has been observed in a number of ternary andstreaks. This streaking strongly indicates considerable dis-
quaternary intermetallic compounds. Gladyshevskii et al. order associated with the stacking of layers alongthgis.
characterized a family of REBAIs ternary structures which  The few sharp reflections in this zone photo can be indexed
had either ordered arrangements of rare earth atoms andg the 38 A repeat unit found in our data collection and used
aluminum triangles (for RE= Er and Gd) or partially  in structure refinement. This repeat distance is due to the
disordered arrangements of these moieties (fo=RE and staggering order of the PtAlnd P$Al, layers. Indexing
Dy).** Favorable comparison of the ARl distances in the  ajong thek direction reveals &-axis parameter of 7.5 A, in
Al triangles of Gd :P%AI+Si (2.69(3) A) with those observed  agreement with the results of thé0 zone photograph.
in RNisAly (2.64 A) indicates that silicon is likely not Jeitschko et al. recently reported the structure of a series
substituting on th_ls site. This distance in the the_r .quaternary of compounds REPKAI 4 with RE = late rare earth metais.
compound studied here (GePLAILSI) is significantly  Tpage materials are comprised of identical layers as the
short'er qt 2.51'(2') Aand may indicate the presence Qf silicon Gdh sPH(Al,Si)s compounds discussed here, but the rare
at this site. Si-Si bonds in intermetallics often fall in the earth-aluminum layers are ordered. The nature of this

2‘35;]2‘45 A rangeé_AJrAOII_bonds arfe “5”3&”)’ over 2.6 'f)‘linf ordering varies with the rare earth. FoEgAl 24, the Er/Al
length. An intermediate distance of 2.51 A s reasonable for layer is ordered not only within the layer but also in its

an Al=Si bond, supporting the possibility of Si substitution positioning with respect to the other layers in the unit cell

Ef:he t.r|angleds:. Th|fs r']s n Tlpntrastdto the re;ultsdpf f.‘;“t.m“ (i.e., it has an ordered staggering arrangement). This destroys
Ifiraction studies of the gallium and germanium distrioution e 3 ¢o14 rotational symmetry, because while each kind of

in the isostructural ¥sMNi.Ga—Ge, which indicate that |00 i the compound possesses a 3-fold axis, these axes
gallium and not the tetrelide element preferentially occupies o o+ -oincide with each other. The result iB&triclinic

the corresponding triangular sites. cell, albeit witha- andb-cell edges that are very similar and

(14) Gladyshevskii, R. E.; Cenzual, K.; Flack, H. D.; Parthe,A€ta ay angle close to GO(a = 7.461 A’ b= 7.462 A’ c=
Crystallogr. 1993 B49, 468-474. 13.044 A;a = 90.00, f = 100.94, y = 60.13). For Y,-
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PKAl,4 on the other hand, this ordering is not complete.
Analysis of the refinement results using the same triclinic
cell indicated the presence of residual electron density in
the Y/Al layer corresponding to misplaced layers (with their
atoms being shifted by-[1/3,1/3] in theab-plane). When
these out-of-register sites were included in the refinement,
their low occupancies <20%) indicated a fairly small
amount of disorder in the stacking and orientation of the
layers?0

Each slab extending in the-plane in the GdsPt(Al,-

Si)g structure (and by similar reasoning, the JGfPt(Al,-

Si)s structure) is ordered. The stacking and registry however
of the PtAL and P3Al, slabs with respect to the Gd/Al
monatomic layerswhich possesses a 7.547.5 A ordered
configuration in theab-plane—is not. The lack of registry

of the slabs along renders the structure unable to develop
a stable and coherent latticeconstant. Thus, the reciprocal
lattice points along* become extremely large, i.e., diffuse,
as seen in thekd zone photos which show streaks instead
of distinct reflections along thledirection. All this however
does not affect the superstructure in #ieplane which is
apparent in théakO zone photos. It is this lack of order that
makes it appropriate to use the structural formula $Fek-

Alg to emphasize that this compound is a disordered,
averaged subcell of the ordered parent compoungPd
A|24.

The disorder in the positioning of the Gd/Al planes in
Gdy 3PBAlg is likely the result of the short reaction times
that were used in this study. During synthesis, these
compounds were annealed at 8&Dfor only 2 days. While
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Figure 7. Isotropic magnetic susceptibility of a polycrystalline sample of

Gdy 3P1BAIZSI. The inset shows a more detailed view of the low temperature
xm vs T behavior.

synthetic technique, and the REAdyer is ordered. REMi

Alg also contains this layer, alternating with a,Alis slab

that can be related to the,Rt, layer described herein (shown

in Figure 3b) by the addition of another layer of Al atoms.
Four analogues of this structure were synthesized by arc
melting, followed by annealing at 1073 K for 2 weéks.
The Gd and Er compounds were found to have no disorder
in the RE/AI triangle layer. The Y and Dy analogues had
partial disorder corresponding to the presence of some RE/
Al layers being shifted out of alignment along a specific
vector, similar to the situation described forPiAl ..

the more ordered compounds studied by Jeitschko et al. wereHowever, it was noted that a structure with maximum

also grown from aluminum flux, a much longer annealing
time (300 h at 850C) was used. Promotion of ordering by
long heating times is a relatively commonly observed
phenomenon. Recent studies on GgMiry (Tr = Al, Ga,

In), a family of intermetallic compounds of interest for

disorder in this layer would result in an averaged higher
symmetry, changing the space group frB82 toP6m2. This

kind of disorder was not observétit appears that the higher
temperatures afforded by arc melting and high temperature
annealing promote the formation of the thermodynamically

hydrogen storage, have shown that the crystal structure offavored ordered arrangement of Rg&langle layers, as the

some of the materials is very dependent on heat treatfent.
While as-cast alloys of GdiGa crystallize in the CaGyu
structure type, lengthy annealing times result in an ordering
of the nickel and gallium to form a superstructure of the
YCosGg type.

lengthy annealing time did in the Al flux growth of RE-
Al,4. Experiments are currently underway to investigate the
effects of longer annealing times on the disordered &d
PtAlg materials synthesized in this work.

Magnetic Susceptibility StudiesBecause of the disorder

A survey of the published structures with similar layers present in these structures, and the anisotropic environment
of rare earth ions and triangles of aluminum (or gallium) and triangular distribution of gadolinium ions, these com-
also indicates the importance of reaction conditions in pounds have the potential for interesting magnetic charac-
promoting ordering. Aluminide analogues of theCt:Gay teristics such as spin glass behavior. To investigate this
structure have been synthesized with a variety of rare earthpossibility, magnetic susceptibility measurements were car-
and transition metals; examples includeIE#\l, and Ce- ried out on powdered samples and oriented crystals. The
RHhsAlo. 13T his structure consists of the stuffed arsenic type magnetic susceptibility data for a polycrystalline sample of
slab (see the PtAllayer, Figure 3a) alternating with the  Gd, sPAl;Si are shown in Figure 7. This compound exhibits
REAI; triangle layer. In all published accounts of these Curie—Weiss behavior above 50 K; the magnetic moment/
compounds, arc melting followed by lengthy (5 or more gadolinium atom derived from these data (88 is in
days) annealing at high temperatures was used as theagreement with the theoretical value for free’Gibns (7.94
ug). The high-temperature data for the ternary; @REAlg
and the GdsPL(Al,Si)s compounds are similar. This
indicates that platinum is diamagnetic in these materials, and
it is consistent with the many examples of nonmagnetic late
transition metals (TM’s) in rare-earth containing interme-

(15) (a) Pechev, S.; Bobet, J. L.; Chevalier, B.; Darriet, B.; WeillJF.
Solid State Chem200Q 150, 62—71. (b) Blazina, Z.; Sorgic, B.;
Drasner, AJ. Phys. Condens. Mattdr999 11, 3105-3114.

(16) Buschinger, B.; Geibel, C.; Weiden, M.; Dietrich, C.; Cordier, G.;
Olesch, G.; Kohler, J.; Steglich, B. Alloys Cmpd1997, 260, 44—

49.
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tallics. The electronegativity of the metals in the Fe, Co, Ni, 0.3
and Cu families (al>1.8 on the Pauling scale, with platinum oFC .
at 2.2) is greater than that of aluminum (1.5) and silicon °
(1.8)Y Thus, in ternary or quaternary materials RE/TM/Al- 0.25 —%m(‘?% .
(Si), the electrons donated by the rare earth ions will likely
be accepted to a large extent by the transition metal, filling % .
up the d-orbitals and resulting in no magnetic moment on
the TM atoms. Evidence of this has been seen in compounds
such as GegNigAl,,'® RERWAI 10,1° and SmNiSi.2
Antiferromagnetic ordering is indicated in the data for
Gdy 3P1BAlg by a cusp in the temperature dependencg,of
at 20 K. This is consistent with the negative Weiss constant /' o

|

o
o
[
d)@
.
*
L 3
(nwa / jow) WXy

Xm (emu/ mol)
8
.

of —35 K derived from the inverse susceptibility fit. The 0.1
data for the silicon containing quaternary compound are more °
complex, showing a discontinuity at +20 K (a slight dip)
and a more pronounced antiferromagnetic cusp at 7 K. This %%~~~ 2
could be an indication of local nanoscopic inhomogeneities
in composition, with Si-rich regions of the sample alternating
with Si-poor regions. The latter could behave much like the Figure 8. Isotropic magnetic susceptibility of a polycrystalline sample of
ternary GdaPuAlg with an antiferromagnetic transition at _Gdo,eyPtzAls. The field-cooled (FC) and zero-field-cooled (ZFC) susceptibil-
o . . . ity data are labeled.
15 K. In Si-rich regions of the sample, the disorder is greater
and therefore the exchange energy between the gadoliniumat the Fermi level, as well as the distribution of spihi.is
ions is lower, resulting in the antiferromagnetic transition not known how the DOS &k of these two structure types
being shifted to lower temperature (7 K). Similar evidence differ.
of disorder hindering the magnetic interactions between rare The magnetic behavior of GgPt(Al,Si)s and Gd 3Pt-
earth ions has been observed in an investigation of the LavegAl,Si)s may be further complicated by the disorder in the
phase GdAI doped with a variety of nonmagnetic species Gd/Al layers. The superstructure model of the Gd/Al plane
to form a series of Gd(AlL«M,)..2° As the concentration of  shown in Figure 4b indicates that each Gd has three nearest
M increases, the Curie temperature of this compound Gd neighbors at a distance of 4.3 A. Even if each Gd/Al
decreased; it is noteworthy that the effect was most drasticslab is thus ordered, the lack of superstructure peaks in the
for M = silicon. This correlated well with calculated changes X-ray data indicates that the layers are not ordered with
in the value of the DOS & as a dopant was added. respect to each other. This has the potential to result in
This doping effect is also apparent in the data for the unusual magnetic phenomena. Evidence of this possibility
GdysP(AlLSi)s compounds. As shown in Figure 8, the is found in the divergence of the isotropic field-cooled (FC)
ternary compound G@#PLAls undergoes antiferromagnetic  and zero-field-cooled (ZFC) susceptibility, examples of
ordering at 8 K. For the silicon-containing analogue, no which are seen in Figures 7 and 8. This+&FC hysteresis
transition is seen down to 3 K, although fitting of the data behavior is often found in spin glass systeihs.
shows a negative Weiss constant, indicative of an antifer- Single-Crystal Magnetic Susceptibility Measurements
romagnetic exchange interaction. It is interesting that even The anisotropic nature of the GdPt:(Al,Si)g structure, with
though GdsP1(Al,Si)s contains the same disordered Gd/ layers containing rare earth ions separated by nonmagnetic
Al planes and BAl 4 layers as Ggd:Pt(Al,Si)s, the magnetic layers, is likely to produce strong orientation dependence in
ordering is shifted down to lower temperatures. This may the magnetic behavior. Because the orientation of the layers
indicate that the observed coupling in GBt(Al,Si)s takes was obvious from the crystal morphology, the directional
place across the PtAlayers. This layer separates two Gd/ dependence of the magnetic susceptibility was investigated.
Al layers at a distance of 5.5 A, as opposed to the 8.3 A Figure 9 shows an expanded view of the anisotropic low-
distance across the JAl, moiety. However, proximity of ~ temperature data for both compounds. Theoretically, a
the magnetic ions to one another is only one of the two main material with localized electrons that order antiferromag-
factors that control magnetic interactions in metallic com- netically with their spins aligned along the magnetic field
pounds. In conducting materials, the conduction electrons should show a precipitous drop ipn below the Neel
mediate exchange between localized moments; the strengthiemperature. If the spins are aligned along a direction
of the interaction is therefore dependent on the band structureperpendicular to the fieldyn should level off as the
) . ) _ temperature drops belovy. If one looks at the data for Gg
@ kSSifbDl‘é%f‘C'Se Inorganic Chemistrhapman and Hall: London, Pt;(Al,Si)s as a function of crystal orientation, it is apparent
(18) Pechev, S.; Chevalier, B.; Khrussanova, M.; Terzieva, M.; Bobet, J. that the spins are lying in the basal plane when ordered. The
L.; Darriet, B.; Pechev, PJ. Alloys Compd1997 259, 24. “parallel” and “perpendicular” descriptions in the legend of

(19) Szytula, A., Leciejewicz, J., Eddandbook of Crystal Structures and
Magnetic Properties of Rare Earth IntermetallicSRC Press: Boca

Temperature (K)

Raton, FL, 1994. (21) Kittel, C. Solid State Physl968 22, 1.
(20) Magnitskaya, M.; Chelkowska, G.; Borstel, G.; Neumann, M.; Ufer, (22) Mydosh, J. ASpin Glasses: an experimental introductidraylor &
H. J. Electron Spectrosd 994 68, 525-529. Francis: London, 1993.
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structure types containing similar structural motifs. In

021 : §:1-3z:32:8’ s:::l:d'cu'ar addition to stuffed arsenic-type PtAlayers, both structure
i MA% . GdlthzAI:Si, perpendicular types also possess a Gd/Al trlanglt_e Igyer. Th_e low reaction
i o s Gd, PLALSI parallel temperatures.afford(.ad by synthes_|§ in aluminum flux has
5015~ ““M allowed for highly disordered positioning of these Gd/Al
° i o “a, layers, in contrast to the ordered stacking of similar layers
2 - \OQWW@“ in other compounds synthesized by arc melting followed by
E 01 " ..-/. ’%:é annealing. GgsPBAILSi can be described as a pseudoternary
< 7 . .. disordered variant of G8tAl,4 the same variant structure
oF fgg is also formed without silicon (GdP1BAlg). Gty 6P LAl LSI
0.05L b A anditsternary analogue are isostructural witlh i ,Gas—Ge..
- c.‘ A specific crystallographic site for silicon has not been
M located in either structure.
S U U R ST The antiferromagnetic coupling between the*Gidns in
1 10 100 1000 GdisPBAlg, with aTy of 20 K, is suppressed by the addition
Temperature (K) of silicon into the structure, lowering the ordering temper-
Figure 9. Magnetic susceptibility data for crystals of G@#PtAlg and ature to 7 K. Orientation dependence of the susceptibility

Gdh.sPBAISSi oriented with theic-axes parallel and perpendicular to the  indicates anisotropic exchange forces, in agreement with the
magnetic field. A log scale is used for the temperature axis to emphasize Iayered nature of the structure
the low-temperature region. )
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