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Abstract

Eighteen new intermetallic compounds RMn,7r,Zn,o_, (2<x<7; R = rare-earth metal; 7r = Al, In) were synthesized using low-
melting mixtures of (7r/Zn) as a solvent. Structural refinement using single-crystal X-ray diffraction data shows that the compounds are
substituted variants of the cubic CeCrAlyy-type structure (Fd-3m, Z = 8; unit cell parameters vary from a = 14.1 152(3)1& for
YbMn,Als3Zn 47 to a = 14.8125(4)A for SmMn,Ins ¢Zn4 ). The Zn and Tr elements show site preferences in the indium compounds,
but not in the aluminum analogs. The substitution of triclide element for zinc modifies the valence electron count of the compounds to
allow for the incorporation of Mn into the structure. Magnetic susceptibility data show no evidence of magnetic ordering down to 3 K.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Eutectic mixtures of elements form melts at temperatures
lower than the standard melting point of the elements;
synthesis in such media is of interest as it may produce
materials with fewer defects and much less thermally
produced strain than those synthesized using traditional
high-temperature methods. These low-melting molten
metal fluxes help facilitate diffusion of the elements in
solution and make it possible for easy removal of excess
materials used for synthesis by centrifugation. In addition,
molten metal fluxes can often getter impurities, thus
offering a cleaner environment for growth [1]. We have
investigated In/Zn (96.2: 3.8 mol%, m.p. 143.5°C) and
Al/Zn (11.3%: 88.7%, m.p. 381°C) eutectics for the
growth of new intermetallic phases not accessible by
traditional solid-state reactions. Optimization of the
reactions required varying the ratios around the eutectic
point; therefore, materials were synthesized in low-melting
mixtures near the eutectic.
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There are several families of ternary intermetallic phases
comprised of a rare earth (R), a transition metal (7), and
either Zn, In, or Al. These include R,73Zn;4 (ordered
ThzZH17 type), R6T4A143, RoPt7Iny, and many others [2]
There appears to be no information available at the
moment on quaternary compounds comprised of a rare-
earth element (R), a transition metal (7), zinc, and an
element of the boron group (trielide, 7r). In this work,
reactions of rare-earth elements and Mn in both (In/Zn)
and (Al/Zn) molten metal fluxes produced quaternary
compounds with identical structure type and similar
stoichiometries, RMn»Tr.Zn,y_, (2<x<7). The products
can be described as substituted variants of the ternary
CeCryAlyy structure, although the indium-containing
phases do show some site preferences indicative of a true
quaternary structure.

There have been numerous CeCr,Aly-type ternary
compounds synthesized (cubic space group Fd-3m, no.
227) with high amounts of aluminum (R73>Aly) and high
amounts of zinc (RT>Zn»).[3,4] However, the aluminides
are formed with the early transition metals 7= Ti, V,
Nb, Ta, Cr, Mo, and W, and the corresponding zinc
compounds contain late transition metals 7= Fe, Ru, Co,
Rh, and Ni. Here we report the eutectic flux synthesis of
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quaternary compounds that contain high amounts of zinc
with  aluminum  (RMn,Al,Zny,_,) and indium
(RMn»In,Znyy_,) incorporations, with middle transition
metal Mn. We have also been able to incorporate Fe into
this structure and will report on those results in a later
publication.

2. Experimental procedure
2.1. Synthesis

Compounds with the formula RMn,(In,Zn,,_,) were
synthesized by combining elements in a .5:1:(8:2) (m.p.
280 °C) millimolar ratio. Starting materials for the pre-
paration of these compounds were chips and powders of
the rare-earth elements (Metall, Strem, Cerac, Arris Int., all
>99.9%), powders of Mn (Cerac, 99.9%), Zn (Fisher
Chemical, 99.9%), Y (Cerac, 99.9%), and In shot (Alfa
Aesar, 99.9%). All elements were combined in an alumina
crucible which was placed in a fused silica tube; another
alumina crucible was filled with silica wool and inverted on
top of the reaction crucible in the silica tube to act as a
filter during centrifugation. The fused silica tube was sealed
under a vacuum of 1072 Torr, and then heated to 900 °C
for 10h, held at this temperature for 24 h, then cooled to
800 °C in 20 h. The samples were then annealed for 24 h at
800°C, cooled to 500°C in 60h, then held at this
temperature for 12h before cooling to 350°C in 15h. At
350°C, the fused silica ampules were then inverted and
placed into a centrifuge to remove excess molten flux.

Aluminum analogs of these compounds RMn,(Al,Znyg_,)
were synthesized with Al powder (Strem, 99.9%) instead of
In shot. This was accomplished by combining elements in a
.5:1:(2:10) (m.p. 400°C) millimolar ratio. These reactions
were prepared under the same conditions and starting
materials as before except with a modified heating profile.
The samples were heated to 1000 °C and held there for 24 h,
then cooled to 800 °C in 40 h; again the temperature was held
constant for 24 h and then cooled to 500 °C in 60 h. Samples
were then centrifuged as before.

The crystals formed as cubes up to 3mm on a side,
typically in large conglomerations. Aluminide crystals have
a shiny metallic luster whereas the indides have a dull
luster. Elemental analysis was performed on all samples
using a JEOL 5900 scanning electron microscope (SEM)
with energy dispersive spectroscopy (EDS) capabilities.
Samples were analyzed using a 30kV accelerating voltage
and an accumulation time of 40s. Surface analysis of
crystals typically showed an excess of the flux in which the
crystal were synthesized, so EDS was performed on the
interior of cleaved crystals to improve results.

2.2. Structure refinements

Samples for X-ray diffraction were selected from the
SEM plate after elemental analysis. The large crystals were

cleaved into smaller pieces, which were mounted on glass
fibers. Single-crystal X-ray diffraction data were collected
at room temperature using a Bruker AXS SMART CCD
diffractometer equipped with a Mo radiation source; lattice
constants are summarized in Table 1. Processing of the
data was accomplished with use of the program SAINT; an
absorption correction was applied to the data using the
SADABS program [5]. Refinement of the structure was
performed using the SHELXTL package [6]. The crystal-
lographic data are summarized with four representative
RMn,Al,Zn,y_, and RMn,In,Zn,,_, compounds listed in
Table 2; the atomic positions are displayed in Table 3.
Powder X-ray diffraction data were collected on several
samples using a Rigaku Ultima III Powder X-ray
diffractometer with a Cu radiation source and a CCD
detector. Additional details regarding the crystallographic
refinements can be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (e-mail: crysdata@fiz.karlsruhe.de) on quoting the
depository numbers 416909—416925.

2.3. Magnetic susceptibility

Magnetic measurements were carried out with a
Quantum Design MPMS SQUID magnetometer at tem-
peratures between 3 and 300 K. Crystals were first analyzed
using EDS, then were sealed in kapton tape and placed into
the magnetometer. Temperature-dependent susceptibility
data were collected at 500 or 1000 G, and field dependence
data were collected at 3K. Magnetic measurements for
many of the samples were complicated by complex non-
linear Curie—Weiss behavior indicative of a high amount of
paramagnetic Mn-containing impurities and In inclusions.

Table 1

Lattice constants of the compounds RMn, 77 Zn,_
Compound a (nm) v (nm?) Ry [I>20(D)]*
YMn,(InsZn;s) 14.7285(4) 3195.04(15) .0274
CeMny(Ing 7Zn;53) 14.6786(2) 3162.67(7) .0253
PrMn,(InsZn;s) 14.7096(4) 3182.75(15) .0278
NdMn,(Ing sZn;s 5) 14.6522(6) 3145.64(2) .0404
SmMny(InsgZnyy ;) 14.8125(4) 3250.01(15) .0234
GdMny(Ins 1 Zny49) 14.7629(6) 3217.47(2) .0273
DyMn,(Ing 7Zn;5 3) 14.6677(7) 3155.63(3) .0280
ErMn,(In, sZny75) 14.4419(4) 3012.13(14) .0201
YbMny(Ins sZnyy, s) 14.7140(3) 3185.61(11) .0249
YMny(Al; 9Zny6.5) 14.1533(3) 2835.13(10) .0250
CeMny(Als3Zn147) 14.2489(4) 2892.71(14) .0196
PrMn,(Al; 3705 7) 14.2670(2) 2904.01(7) .0210
NdMny(Aly gZn;s5) 14.2499(2) 2893.58(7) .0383
SmMny(AlyoZn;s,) 14.1740(14) 2847.59(5) .0233
GdMn,(AlsZn;s) 14.1761(8) 2848.86(3) .0585
DyMn,(Aly 7Zn,53) 14.1438(4) 2829.43(14) 0182
ErMn,(Alz ¢Zny4.4) 14.1287(4) 2820.37(14) .0192
YbMny(Als 3Zn 47 14.1152(3) 2812.30(10) .0204

"Ry = Z||Fo|—|F[|[Z| Fol.
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Table 2
Crystal data for CeMny(Ing 7Zn;53), SmMny(Aly9Zn,s,1), YbMny(Ins sZnys), and YbMny(Als3Zny4.7)
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CeMny(Ing 7Zn;5 3) SmMny(AlyoZn;s 1) YbMny(Ins 4Zn 4 5) YbMny(Als 3Zn14.7)
Formula weight (g/mol) 1656.30 1375.68 1689.22 1436.76
Space group Fd-3m Fd-3m Fd-3m Fd-3m
a (A) 14.6786(2) 14.1740(14) 14.7140(3) 14.1152(3)
V (/0\3) 3162.67 2847.65 3185.61 2812.3
deare (g/cm?) 6.957 6.418 7.044 6.787
Z 8 8 8 8
Temperature (K) 298 298 298 298
Radiation MoK MoKao MoKo MoK
20 max 56.24 56.81 56.09 56.37
Index ranges —19<hkI<19 —18<hkiI<18 —19<hkiI<19 —18<hki<18
Reflections collected 10064 8731 10310 8991
Unique data/parameters 220/18 205/20 220/18 198/20
w(mm~") 33.865 30.759 36.635 35.221
Ry /WR,* [I>20(])] .0253/.0518 .0233/.0415 .0249/.0457 .0204/.0441
R/WR, (all data) .0253/.0518 .0250/.0415 .0251/.0457 .0204/.0441
Residual peaks/hole 764/—1.234 .953/—1.248 .874/—1.691 925/—1.115

"Ry = XU Fol— F [l Fol: WRy = [S[W(Fe—Fo) ") Z[w(Fo) 1",

Table 3
Atomic positions of CeMn,(Iny 7Zn;s3), SmMMn,(Aly9Zn;s,), YbMny(Ins sZn 4 5), and YbMn,(Als3Zn 4.7)

Atoms Wyckoff site X y z Occup. Uy
CeMn2(1n4A7Zn,5A3)

Ce 8a 1/8 1/8 1/8 1 .0046(4)
Mn 16d 12 12 12 1 .0047(6)
Inl 16¢ 0 0 0 1 .0223(4)
Znl 48f .49291(10) 1/8 1/8 1 .0106(4)
In2 96g .05696(4) .05696(4) .32973(6) .225(9) .0146(4)
Zn2 96g .05696(4) .05696(4) .32973(6) 175(9) .0146(4)
YbMny(InssZnyys)

Yb 8a 1/8 1/8 1/8 1 .0079(3)
Mn 16d 1/2 12 1/2 1 .0064(6)
Inl 16¢ 0 0 0 1 .0229(4)
Znl 48f .49327(9) 1/8 1/8 1 .0131(3)
In2 96g .05756(4) .05756(4) .32854(6) .295(9) .0183(3)
Zn2 96g .05756(4) .05756(4) .32854(6) .705(9) .0183(3)
SmMny(AlyoZnys ;)

Sm 8a 1/8 1/8 1/8 1 .0016(3)
Mn 16d 12 12 12 1 .0032(4)
Znl 16¢ 0 0 0 172(4) .0145(7)
All 16¢ 0 0 0 .228(4) .0145(7)
Zn2 96g .05940(3) .05940(3) .32472(5) .920(5) .0077(3)
Al2 96g .05940(3) .05940(3) .32472(5) .080(5) .0077(3)
Zn3 48f .48695(9) 1/8 1/8 410(4) .0048(5)
Al3 48f .48695(9) 1/8 1/8 .590(4) .0048(5)
YbMny(Als 3Zn14.7)

Yb 8a 1/8 1/8 1/8 1 .0011(3)
Mn 16d 1/2 1/2 12 1 .0014(5)
Znl 16¢ 0 0 0 77(1) .0125(7)
All 16¢ 0 0 0 23(1) .0125(7)
Zn2 96g .06009(4) .06009(4) .32301(5) .940(8) .0071(3)
Al2 96g .06009(4) .06009(4) .32301(5) .060(8) .0071(3)
Zn3 48f .48610(13) 1/8 1/8 .312(9) .0044(6)
Al3 48f .48610(13) 1/8 1/8 .688(9) .0044(6)
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3. Results and discussion
3.1. Synthesis

Synthesis in metal flux mixtures offers the opportunity to
explore the comparative reactivity of two solvent metals
and frequently allows lower temperature reactions due to
the formation of eutectics. Removal of excess solvent by
centrifugation is also facilitated by a low-melting eutectic.
The behavior of pure zinc, aluminum, and indium fluxes
has been well-studied. Zinc and aluminum are often
incorporated into the intermetallic phases that crystallize
from these solvents, forming zinc-rich phases (such as
Co,Zn;5 and EuZn;3) [7] or aluminides (such as CeAus;Al;
and RNiAl4Ge,) [8]. Indium, on the other hand, appears to
be a more inert solvent. While it has been used to
synthesize indides such as CeColns [9], it has also been
used as a flux for the growth of indium-free silicides and
germanides including EuZn,Si,, La,ZnsGe;, and f-Dy-
NiGe, [10]. Si and Ge apparently form stronger interac-
tions with the rare-earth and transition metal reactants
than with In, so the flux is excluded from the final
products. In the absence of a reaction directing main group
element such as Si or Ge, it appears indium is more likely
to be incorporated into products.

It is notable that the same structure and approximate
stoichiometry forms from an indium-rich flux in the
RMn,In,Zn,o_, case and from a zinc-rich flux in the
RMn,Al, Zn,o_, case (x varies from 2 to 7 in both cases;
see Table 1). After discovering these new compounds,
reproducing and optimizing the In/Zn synthesis became
quite a challenge. A large amount of RIn; was present as a
secondary phase, evidenced in the X-ray powder diffrac-
tion data. With this information and the use of phase
diagrams, it was decided to decrease the maximum
temperature from 1000 to 900 °C; this helped remove the
tendency for the reaction to form the more thermodyna-
mically stable binary phase.

Once the yield of product was optimized, another
problem became apparent. The rotation photographs of
numerous samples (taken using the single-crystal X-ray
diffractometer) showed streaks in addition to the sharper
diffraction spots due to the crystal lattice. This was
attributed to our samples forming inclusions of polycrys-
talline indium since there was a large excess of indium in
the reaction. This is a common occurrence in certain flux
systems and is a byproduct of excessive nucleation which
occurs due to either too fast a cooling rate or too slow of a
cooling rate [1]. The problem with inclusions was only
apparent in the In/Zn synthesis; the Al/Zn synthesis
products were free of such defects.

A variety of different transition metals were used in
attempts to synthesize structural analogs in the In/Zn flux.
Successful syntheses using an 8:2 In/Zn flux ratio occurred
with the use of Mn and Fe, while Ti, V, Cr, Co, Ni, Cu, Rh,
Ru, Ag, Au, Re, and Mo were all unsuccessful. Once all
available transition metals were attempted, we began to

develop analogs using other rare earths. We were successful
in isolating RMn,(In,Zn,,_,) analogs with R = Y, Ce, Pr,
Nd, Sm, Gd, Dy, Er, and Yb. Attempts to use La and Eu
were unsuccessful, while Pm, Tb, Ho, Tm, and Lu were not
available for use.

While synthesizing aluminum analogs using a Al/Zn flux
ratio of 2:10, we were successful once again with Mn and
Fe for the transition metals; for the rare-carth analogs we
were successful with Y, Ce, Pr, Nd, Sm, Gd, Dy, Er, and
Yb. Both RMn,Al.Zny,_, and RMn,In,Zny,_, com-
pounds were unable to incorporate La and Eu, which
may be due to size effects. Europium appears to favor the
divalent state in many intermetallics; Eu®>* and La®" have
larger radii than the other rare-earth ions. Synthesis of
similar compounds in Ga/Zn eutectic mixtures was not
attempted due to the difficulty in distinguishing Ga and Zn
in the X-ray structure, but it is expected that R(Mn/
Fe)»(Ga,Zn»o_,) phases would form.

3.2. In/Zn compounds

The cubic RMn,(Tr,Znyy_,) structure (Fig. 1) can be
viewed as a packing of coordination polyhedra with the
rare-earth atoms coordinated by 16 Zinc/Tr atoms forming
a Frank—Kasper polyhedron CN16 (Fig. 2(a)), while the
transition metal rests inside a 12 coordinate icosahedron
of Zn/Tr atoms (Fig. 2(b)). Upon comparison of the
RMny(Tr),Znyy_, compounds to Jeitschko’s RT,Zn,
compounds [4], we began to notice similarities and
differences to our structures. There is some preferential
siting seen in the indium phases, with indium occupying the
16¢ wyckoff site and Zn occupying the 48f site, but the 96¢g
site is occupied by a mixture of In/Zn in all the analogs.
The local environment of Inl (16¢) consists of a double six-
ring polyhedron, made from the mixed In2/Zn2 (96g) and

Fig. 1. The cubic RMn,Tr.Zny,_, structure viewed down the [110]
direction, showing the structure as connected polyhedra. The larger dark
polyhedra (CN 16) contain the rare-earth element while the smaller light
icosahedra (CN 12) are centered by the manganese atoms.
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Fig. 2. Coordination polyhedra in the RMn,In,Zny,_, compounds: (a)
The rare-earth element R is represented by a large green sphere, (b) Mn is
represented by a small yellow sphere, (c) In is represented by a large purple
sphere with equatorial lines, (d) Znl is represented by small gray spheres,
(e) the mixed In2/Zn2 site is represented by small half red half gray
spheres.

Znl (48f) sites, capped axially by two rare-earth atoms
(Fig. 2(c)). Indium favors this site likely due to the fact that
it has a higher coordination number (CN 14) than either of
the other two Zn sites (CN 12). Therefore, it can more
readily accommodate the larger size of the indium atom.
The Znl (48f) site rests inside a (CN 12) bicapped
pentagonal prism with two transition metals in the axial
position (Fig. 2(d)).

The local environment of the In2/Zn2 (96g) mixed site
consists of a pentagonal prism of In and Zn comprised of
the 96g, 48f, and 16¢ sites (Fig. 2(e)). The prism is capped
axially by the transition metal and rare-earth with the rare-
earth side being truncated. During the structural refine-
ment, the occupancy of the 96¢ site was initially assigned to
be filled with zinc. However, the occupancy was greater

than 100%. Since these compounds were grown out of an
indium flux, and indium has a higher scattering power than
Zn, it was decided that perhaps this site was a mixed Zn/In
occupancy. Upon examination of the thermal parameters
for these sites, it was observed that the mixed site’s thermal
parameter was between the values for the pure In site and
the pure Zn site, which further reinforced the idea that this
was a mixed Zn/In site. The average indium occupancy on
the 96g site for all analogs is 23.9% +7.4%.

After refinement of this mixed Zn/In site, it was observed
that the unit cell volumes had a direct relationship to the
amount of indium present in the sample (Fig. 3). This is
reasonable given that indium’s atomic radius (167 pm)
is larger than the zinc radius of 134 pm and that indium is
present in large amounts. Therefore, increasing or decreas-
ing this amount would have a much larger effect on unit
cell volume than the lanthanide contraction. For cases
where the analogs have the same amount of indium
incorporated in the structure, the cell volumes do appear
to follow the lanthanide contraction.

The amount of indium present on the 96¢ site strongly
impacts the local environments of the rare-earth (Fig. 2(a))
and transition metal (Fig. 2(b)). The rare-carth Frank—
Kasper (CN 16) polyhedron is made up of elements from
the mixed (In2/Zn2) 96¢ site and the Inl 16¢ site. The 16¢
site of indium tetrahedrally coordinates to the rare-earth
elements inside the (CN16) polyhedron. The R-Inl bond
lengths show a linear dependence to the amount of indium
present in the sample (Fig. 4). The R—(In2/Zn2) bond
lengths show this dependence as well, but what is of
notable interest is that the R—Inl bond lengths are shorter
than the R—(In2/Zn2) bond lengths.

Upon examination of the icosahedral transition metal
polyhedron (Fig. 2(b)), similar trends in bond lengths as
stated earlier were observed. The transition metal poly-
hedron is surrounded by elements from the 96g mixed site
(In2/Zn2) and the 48f zinc site (Znl). The Mn—(In2/Zn2)
bond length shows the linear dependence on bond length
due to the amount of indium present in the sample; the

3300

3250 -

3200 -

3150 -

3100 -

Unit Cell Volume (A)

3050

3000

2 3 4 5 6 7
Indium Content

Fig. 3. Cell volumes of RTIn,Zny,_, compounds versus amount of
indium present in the sample.
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Mn—Zn2 bond length (48f zinc site) shows this dependence
as well even though it does not incorporate indium on the
site. It was observed that as the indium content increased,
the (In2/Zn2)—(In2/Zn2) bond lengths increased, as did the
Znl—(In2/Zn2) bond lengths; however, the Zn1-Znl bond
lengths decreased (Fig. 5). This may be a compensation for
the overall expansion of the polyhedra in the structure as
the amount of indium rises.

3.3. Al/Zn compounds

Regarding the aluminum analogs (RMn,Al,.Znyq_,), the
amount of aluminum on each of the three mixed sites can
vary from 4% to 69% with no site having a preference for
aluminum. This is reasonable considering the comparable
size of atomic radii of aluminum (143pm) and zinc
(134pm). Mn is again centering an icosahedron in this
phase. The average Mn—Al2/Zn2 bond length for all the
analogs is 275.9 + .5 pm; clearly, there is very little variance
in this bond length even though the amount of aluminum
on this site can vary from 6% to 69%.

3.4
3.35 1 :
€ R - In/Zn bond
= 3.3 1
(2]
& 3.251
_I L]
T
S 321 .
m R - In bond
3.15
3.1 T T T T
2 3 4 5 6 7

Indium Content

Fig. 4. Dependence of the R-Inl and R—(In2/Zn2) bond lengths in the
rare-earth polyhedron on the indium content x of the compounds
Ranll’l_\»Zl’lzo_X.

2.95
2.9 1 .
~ 2.85 A —
< .
£ 28] :
2 2.75 - = v
g -/
4 2.7
2 2651
S 2
@ 26 //
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25 T T T T
2 3 4 5 6 7
Indium Content
+Mn-In2/Zn2 = Mn-Zn1 In2/Zn2-In2/Zn2
Zn1-Zni ® Zn1-In2/Zn2 (Short) * Zn1-In2/Zn2 (Long)

Fig. 5. Change in Mn icosahedron bond lengths due to varying amount of
indium present in the RMn,In,Zny,_, compound.

2920

2900

2880

2860

2840

Cell volume (A3)

2820

2800

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Rare Earth

Fig. 6. Cell volumes of RMn,Al,Zny,_, versus rare-earth element size.

After refinement of these aluminum analogs, a trend in
unit cell volumes became apparent. In this set of
compounds, the cell volume no longer has a direct
relationship to the amount of triel element in the mixed
sites; it is apparent that the cell size of these analogs follows
the lanthanide contraction (Fig. 6). This again can be
attributed to aluminum’s atomic radius being of compar-
able size to zinc’s atomic radius; therefore, the larger
perturbation caused by changing the rare-earth size
governs volume effects.

3.4. Incorporation of manganese

Previous research has noted that R7,Al,, compounds [3]
form with the early transition elements (7= Cr, Ti)
whereas the RT,Zn,, compounds [4] incorporate the late
transition elements (7= Fe, Co, Ni). This can be
rationalized by atomic volume arguments. The polyhedra
of these ternary structures are comprised of aluminum
(with metallic radius of 143.2pm) or zinc (with metallic
radius of 139.4pm). Therefore, assuming equally dense
packing of the aluminum and zinc, the space available for
the transition element is greater in the aluminides than in
the zinc compounds [4]. Therefore, the larger early
transition metals are accommodated in the aluminides,
and the smaller late transition metals in the zinc phases.

This logic can be used to explain the incorporation of
manganese in these RMn,7r.Zny,_,. compounds. The
addition of a small amount of Al or In into the zinc
framework creates a slightly expanded icosohedral coordina-
tion polyhedron which is large enough to contain Mn, but
not large enough to incorporate the earlier transition metals.
However, indium atoms are larger than aluminum atoms and
one would expect that fewer In atoms need to be
incorporated to allow for Mn inclusion if size were the
dominant factor. But the amount of triel elements in these
compounds averages around 5 for both the In- and Al-
containing series. This indicates that another factor such as
valence electron count (vec) may play a more important role.
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Vec can account for Mn substitution, assuming Zn has
two valence electrons and Tr elements have three. RT>Zn5
compounds reported by Jeitschko have vec that vary
between 59 and 63 as the identity of the transition metal
and rare earth is varied [4]. For the RMn,Tr.Znyy_,
stoichiometry with x varying between 2 and 7 (as
observed), calculated vec also range between 59 and 64,
indicating a good fit to the stable vec range presented by
Jeitschko. Unsubstituted RMn,Zn,, (vec = 57) would fall
outside this range. It appears that substitution of Zn by a
triel element with a higher vec allows transition metals with
lower vec to be incorporated into the structure.

3.5. Magnetic susceptibility

There is no evidence of magnetic ordering down to 3K in
any of the RMn,Tr,Zn»y_, compounds presented. This can
be attributed to the large separation of the magnetic species
(the rare-earth ions are over 6A apart); the lack of
magnetic interactions is not unexpected. Compounds
containing rare-earth metals with low magnetic moments
(ie., Ce*", Pr*") show slight deviations from Curie-Weiss
behavior due to the presence of small amounts of
paramagnetic Mn impurities; these were also apparent in
the data for the analog containing non-magnetic Y>*. The
susceptibility of such impurities has a much less detri-
mental effect on the data for compounds of rare earths
with larger magnetic moments, which display Curie—Weiss
behavior. The magnetic moments derived from the data
agree with the theoretical values for the rare-earth element,
and the low Weiss constants are another indication of little
to no interaction between magnetic ions. Magnetic
susceptibility data for the YbMn,Als3Zn;4- analog are
shown in Fig. 7(a); the fit indicates a trivalent state for
ytterbium, with no sign of fluctuating or mixed valency
(observed peer = 5.01 up; theoretical o for Yo't =
4.54 ug). The data for SmMn,Al49Zn5; are more com-
plex, as shown in Fig. 7(b); it indicates that this compound
strongly deviates from Curie—Weiss behavior. This is likely
due to the complex van Vleck paramagnetism typically
associated with Sm atoms in cubic symmetry [11].

Concurrence of the experimental magnetic moments with
the theoretical values for the rare-earth ions indicates that
the manganese atoms show diamagnetic behavior in these
compounds. This is in agreement with studies of other
multinary R/7T/main group intermetallics containing low
stoichiometric ratios of transition metals 7 [2d,8,10c].
Paramagnetic manganese is observed for intermetallic
compounds that are comparatively rich in Mn; RMnyAlg
and RMngAlg have the same crystal structure, but only the
latter material has magnetic Mn species.[12] On the other
hand, Zintl phases (comprised of very -electropositive
metals—such as Na, Ca, Eu—in combination with main
group metals or metalloids such as TI, Ge, P, Bi) containing
small amounts of Mn usually feature paramagnetic manga-
nese ions, as seen in the compound Ca;4MnP;;.[13]
However, these compounds are more ionic in nature and

100
90 +
80
70 1
60 -
50
40 A
30 A
20
10

0

1/%, (emu/mole Yb)

0 1(|)O 2(|)O 360 400
(a) Temperature (K)

400
350 R
300 oo’

250
200 A
150
100 -

1/%m (emu/mole Sm)

T T T
0 100 200 300 400
(b) Temperature (K)

Fig. 7. Temperature dependence of the inverse molar susceptibility (1/y,)
for (a)Yanz(Al5,3Zn]4v7) and (b) Sman(AL‘.gZH]S_])

lend themselves to being viewed as charge balanced
materials with localized electrons producing a specific
oxidation state/formal charge on each atom. Intermetallics
such as the ones studied in this work can seldom be
understood this way. While they may contain a very
electropositive element whose oxidation state is obvious/
measurable (such as Ca®* or Nd* "), the electrons donated
by these elements are not localized on another specific atom
or atoms in the structure; they are essentially delocalized in
bands created by orbital overlap. The Mn d-band for the
RMn,Tr,Zn,,_, structures is likely located below the Fermi
level and will therefore be filled, rendering the Mn
magnetically silent. Band structure calculations would be
useful in studying this aspect of these compounds.

4. Conclusion

We have shown that mixed-metal fluxes are suitable
media for the successful growth of RMn,Tr.Znyo_,
quaternary substituted variants of the ternary RT,Tr
structure. Substitution of zinc by a specific amount of triel
(Al or In) produces the correct size and vec to allow the
incorporation of Mn atoms into these phases. Although Fe
analogs were also developed, they were not presented in
this paper due to a variety of interesting structural features
still under investigation, such as site switching behavior
between the rare-earth and transition metal in some
instances. This site switching also occurs between the Zn
and In sites therefore changing the structure from high zinc
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content to high indium content. These structures and a
corresponding discussion will be followed up shortly once
the new synthetic method has been optimized.
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