FULL PAPER

DOI: 10.1002/ejic.200800572

Combined Experimental and Density Functional Theory Studies on the Crystal
Structures and Magnetic Properties of Mg(Mg;_,.Mn,),Sb, (x = 0.25) and
BaMn25b2

Sheng-Qing Xia,/*! Chad Myers,!?! and Svilen Bobev*!2!

Keywords: Alloys / Density functional calculations / Manganese / Pnictides / Solid-state structures

Reported are the synthesis and structural characterization of
two ternary transition metal intermetallic compounds,
Mg(Mg;_xMn,),Sb, (where x is approximately 0.25) and
BaMn,Sb,-Mg (Mg, 503 Mny 5)2Sb, crystallizes in the trigonal
space group P3m1 (no. 164) and belongs to the CaAl,Si,-
type, while BaMn,Sb, is isostructural with the body-centred
tetragonal ThCr,Si,-type (I4/mmm, no. 139). Both structures
have been refined from single-crystal X-ray diffraction data

and their magnetic properties determined with the aid of a
SQUID-magnetometry. The experimental results have been
corroborated by electronic-structure calculations using the
linear muffin-tin orbital (LMTO) method. Spin-polarized
density-functional theory calculations confirm the antiferro-
magntically ordered magnetic structures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Intermetallic phases with the general formula AM,X, (4
= alkaline-earth or rare-earth metals, M = d-block metals;
X = Group 13, 14 or 15 elements) comprise two ubiquitous
structure types, CaAl,Si, (Pearson’s symbol /P5) and
ThCr,Si, (Pearson’s symbol #710), respectively.l'! There are
close to a thousand known compounds with these two
structures and their variants, and the chemical bonding in
these systems has already been studied in great detail.[>-°]
Over the past 2-3 decades, there has been a renewed interest
in these materials due to a large number of attractive prop-
erties they possess: heavy fermions, superconductivity,
mixed (or fluctional) valency, etc.l’-131 Of specific mention
as well are the very recent reports identifying several
AM,Sb, antimonides as prospective materials for thermo-
electric energy conversion.[16-1°]

Our attention in these compounds, particularly in the
AMn,X, pnictides (A = Ca, Sr, Ba, Eu and Yb) was drawn
after the realization that their peculiar magnetic behaviour
arises from complex magnetic interactions within very sim-
ple atomic arrangements, e.g. [Mn,X,]> layers of fused
MnX, tetrahedra with A" cations packed between them.
Take for example the phosphides SrMn,P, (CaAl,Si,-type)
and BaMn,P, (ThCr,Si,-type), which remain antiferromag-
netically ordered up to very high temperatures.?! These ex-
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perimental findings are also supported by spin-polarized
density-functional theory calculations on the antimonides
CaMn,Sb, and SrMn,Sb,,>!1 which suggest that the Mn
atoms form two magnetic sub-lattices with strong ferromag-
netic coupling within them and antiferromagnetic coupling
between them.!! Such magnetic ordering results in a negli-
gible net effective magnetic moment, even though each Mn-
ion in the structure is formally a high-spin Mn?* and has
five unpaired electrons.

Given that, one could expect that packing of the
[Mn,Sb,]* slabs with smaller or larger alkaline-earth cat-
ions, such as Mg>" or Ba?*, respectively, could disrupt the
spin-coupling and change the ground state. A survey of the
literature showed that MgMn,Sb, is not known yet,!'l al-
though a-Mg;Sb, with the CaAl,Si,-type and its Zn-substi-
tuted variant Mg(Mg,_,.Zn,),Sb, (x < 0.7)[!%22] are recog-
nized to exist. This could be due to the fact that the melting
point of the Mn is higher than the boiling point of Mg,[?3
rendering the traditional high-temperature approach in-
effective. We anticipated that using alternative routes, such
as the metal-flux method,* this elusive compound can be
readily synthesized.

On the other hand, BaMn,Sb, was reported in 1979 to
crystallize with the ThCr,Si,-type, and although its struc-
ture had been refined from singe-crystal work,[>’! the pub-
lished metric data, particularly the very high residuals (viz.
R, = 0.135), leave this account somewhat doubtful. Surpris-
ingly, almost 30 years later, there are still no reports on its
properties, which prompted us to take a closer look at the
Ba—Mn-Sb system and to re-access the synthesis and struc-
ture of this compound. We therefore embarked on com-
bined experimental-computational studies of MgMn,Sb,
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and BaMn,Sb,, aimed at pinning down the structural pa-
rameters that affect most strongly the magnetism in these
systems. Herein, we report the crystal and electronic band
structures of Mg(Mg; Mn,),Sb, (x = 0.25) and
BaMn,Sb,, in conjunction with their bulk magnetic proper-
ties.

Results and Discussion

Structure Description

The structure and the bonding in the CaAl,Si, and
ThCr,Si, types have been given a full consideration in sev-
eral earlier publications.”"® Therefore, only a brief descrip-
tion will be provided herein. The discussion will be focused
on a few specific details of the structures, such as the stoi-
chiometry breadth in Mg(Mg, .Mn,),Sb, and its effect on
the properties. Refined atomic parameters and interatomic
distances are tabulated in Tables 1 and 2, respectively.

Table 1. Atomic coordinates and equivalent isotropic displacement

parameters (Uy,) for Mg(Mg, Mn,),Sb, (x = 0.25) and
Baansbz.

Atom Site X ¥ z Ueg™ [A%)

Mg2.50(3)Mno.50(3)Sb2
Mg la 0 0 0 0.015(1)
Mibl 2d 1/3 2/3 0.6288(5)  0.016(1)
Sb 2d 1/3 2/3 0.2288(1)  0.014(1)
Baansbz

Ba 2a 0 0 0 0.015(1)
Mn 4d 0 12 1/4 0.015(1)
Sb 4e 0 0 0.3663(1)  0.014(1)

[a] Ueq is defined as 1/3 of the trace of the orthogonalized U ten-
sor. [b] M is refined as statistically occupied Mg and Mn in a ratio
0.751(16):0.249(16).

Table 2. Important bond lengths [A] for Mg(Mg; ,Mn,),Sb, (x =
0.25) and BaMn,Sb,.

Mg2.50(3)Mn0,50(3)Sb2 BaMn,Sb,
Atom pair Distance  Atom pair Distance
Mg- Sb X6 3.086(2) Ba- SbXx8 3.667(2)
M- SbXx3 2.804(2) Mn- SbXx4 2.770(1)
Sb 2.877(4)
M- MX3 3.202(4) Mn- Mn X 4 3.120(1)

The structures of Mg(Mg;_.Mn,),Sb, and BaMn,Sb,
are schematically presented in Figure 1. Polyhedral repre-
sentations are chosen to emphasize the MnSb, tetrahedra
and the way they are connected. The former structure is
with the trigonal space group P3m1 (No. 164) and belongs
to the CaAl,Si,-type.l'l There are three crystallographically
unique sites in the asymmetric unit and one of them is occu-
pied by statistical mixture of Mn and Mg (see Experimen-
tal). This atomic arrangement can be related to that of a-
Mg;Sb,, 11 where every 4" Mg occupying the tetrahedral
site (2d) is randomly substituted by Mn. Full replacement
of Mg by Mn at this site would result in double corrugated
[Mn,Sb,]* layers, identical to those in CaMn,Sb, and
SrMn,Sb,.[>!1 These 2D-layers are built through corner-
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and edge-shared tetrahedra as shown in Figure 1. Such po-
lyanionic network can be derived by puckering of “dimer-
ized” honeycomb layers or by splitting of wurtzite-type 3D-
lattice, followed by a subsequent reconstruction.”l Divalent
cations, Mg?*, Ca®", Sr’>* fill the octahedral cavities be-
tween neighbouring layers.

Mg(Mg, Mn ),Sb,

Figure 1. Polyhedral representations of the structures of Mg-
(Mg, Mn,),Sb, (top) and BaMn,Sb, (bottom), shown in two dif-
ferent orientations. Unit cells and viewing directions are depicted.
Sb atoms are shown as light grey spheres, Mg and Ba atoms are
drawn in dark grey and black, respectively. The mixed Mn—-Mg sites
in Mg(Mg;_.Mn,),Sb, and the Mn atoms in the BaMn,Sb, struc-
ture are shown as the centres of translucent tetrahedra.

BaMn,Sb, crystallizes with the ThCr,Si,-type!!l in the
body-centred tetragonal space group I4/mmm (No. 139).
There are again three crystallographically unique sites in
the asymmetric unit, which are occupied by Ba (2a), Mn
(4d) and Sb (4e), respectively. There is no disorder in this
structure, confirming the previous report.[>’] The structure
can be viewed as Mn,Sb,>" layers, which are built of MnSb,
tetrahedra that share edges in a PbO-like pattern (Figure 1).
The layers are stacked along the direction of the c-axis leav-
ing large “cubic” holes between them. They are filled with
the Ba®* cations. This difference between the six- vs. eight-
coordinate geometry of the cations sandwiched between the
[Mn,Sb,]* layers here in the above-discussed Mg(Mg;_,-
Mn,),Sb, may explain why BaMn,Sb, forms with the
ThCr,Si, structure, while the Mg, Ca and Sr analogs form
with the CaAl,Si, structure — the increasing of the coordi-
nation number from Mg>* to Ba* can be explained by the
Pauling’s rules,”! which relate the coordination environ-
ment of the cations to the ratio of the radii of the corre-
sponding cations and anions.

Another prominent feature that deserves further atten-
tion is the Mg-Mn disorder in Mg(Mg; .Mn,),Sb,. As
mentioned above, this is not the first instance of a mixing
between a d-metal and Mg within this structure. Indeed,
our earlier work with Mg and Sb in excess of Zn, intended
as a self-flux, yielded large crystals of the compound
4263
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Mg(Mg,_,Zn,),Sb, (x = 0.7).271 1t is isostructural to the
herein discussed Mn-analog and also exhibits substantial
mixing of Zn and Mg on the very same crystallographic
site. These findings are complemented by the work of Ah-
madpour et al.,['°! which estimates the phase width to vary
between 0 and 70 at.-% Zn, depending on the synthetic con-
ditions. In a direct comparison, the homogeneity range for
Mg(Mg; Mn,),Sb, (x = 0.25) appears to be much nar-
rower. According to the results summarized in Table 3, the
maximum amount of Mn in the structure is on the order of
25 at.-%. A comparison of the Pauling’s metallic radii of
Mg, Zn and Mn, which are 1.364, 1.213 and 1.178 A 26
respectively, provides clues as to how to account for these
results. Evidently, the closer the radii, the easier the substi-
tution would be, provided that the valence electron concen-
tration does not change (Mn and Zn are d° and d'° metals
and contribute to the bonding the same number of valence
electrons as Mg). Hence, the less-favourable substitution
rate for Mn can be correlated to the greater mismatch be-
tween the Mg and Mn radii compared to Mg and Zn. An-
other way to reconcile these findings requires us to recall
the detailed theoretical analysis on this structure by R.
Hoffmann and co-workers.”?l According to it, the Sb-M
contacts parallel to the direction of the c-axis (aka “handle”
bonds) will be systematically shorter than the Sb-M con-
tacts in the ab-plane (aka “rib” bonds) only when the tran-
sition metal has half-filled d-bands.”! This is not the case
with Mg(Mg,_.Mn,),Sb, as the “handle” bonds are almost
0.08 A longer than the “rib” bonds (Table 2). This subtlety
of the bonding within the layers provides for almost no in-
terference for the replacement of Mg atoms with Zn (3d'°),
but hinders the incorporation of the Mn atoms (3d%) into
the layers — an excellent agreement between theory and our
experimental results in that regard.

Table 3. Unit cell parameters for different samples of Mg-
(Mg, Mn,),Sb,. The data were refined by least-square fits of the
positions of the peaks from the powder X-ray diffraction patterns
(room temperature), using Si as an internal standard.

No. Nominal composition Unit cell parameters
Mg/Mn/Sb
1 1:2:2 a = 4.539(3); ¢ = 7.226(3)
v =128.93 A3
11 2.5:0.5:2 a = 4.550(4); ¢ = 7.228(4)
v =129.59 A3
111 2.75:0.25:2 a = 4.552(3); ¢ = 7.227(3)
v =129.70 A3
Mg;Sb, a = 4.55876(7); ¢ = 7.2274(2)lal
V =130.08 A3

[a] Taken from ref.[1%],

The relatively poor “solubility” of Mn and the corre-
sponding narrow stoichiometry breadth in Mg(Mg; .Mn,),-
Sb, have an important synthetic implication, which is also
clearly seen from Table 3 — a large excess of Mn is needed
in order to achieve higher substitution rate. For example,
sample I with nominal composition of Mg/Mn/Sb = 1:2:2
yields a product that has significantly lesser amount of
Mn.7! Although no structure refinements were carried out
for these polycrystalline samples, from the gradual increase
4264
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of the unit cell volume and the closeness of the metric pa-
rameters to those of a-Mg;Sb,,['°! it is evident that the per-
cent Mn that substitutes for Mg is very low. As a result of
this synthetic limitation, polycrystalline samples prepared
by direct fusion of the elements are inherently contaminated
with left-over Mn or unwanted MnSb. The presence of sec-
ondary phase(s) hampers the magnetic and transport prop-
erty measurements on such samples and requires the use of
the flux-method for the synthesis of single-crystalline speci-
mens.

Magnetic Susceptibility

The temperature dependence of the magnetic suscep-
tibility data of Mg(Mg;_.Mn,),Sb, (x = 0.25) is plotted in
Figure 2. The compound show paramagnetic behaviour in
the measured temperature range (5-290 K), which is in
sharp contrast with the results from the isostructural com-
pounds CaMn,Sb, or SrMn,Sb,.?!l Unlike CaMn,Sb, or
SrMn,Sb,, the magnetization of Mg(Mg; .Mn,),Sb, (x =
0.25) shows obvious temperature dependence, reminiscent
with Curie-like paramagnetic behaviour. However, the de-
pendence of the inverse susceptibility with the temperature
is not linear, precluding a fit of the y~!(7) data to the Curie
law.?8) Therefore, to estimate the effective moment, a non-
linear fit of the data based on the Curie-Weiss equation
2(T) = yo + CI(T - 0,) was applied. Here, x, is the sum of
the temperature-independent contributions, e.g. van Vleck
paramagnetism, paramagnetism due to conduction elec-
trons and core-electron diamagnetism (C = Naper?/3kp is
the Curie constant, where Ny is the Avogadro number and
kg is the Boltzmann constant) and 0, is the Weiss con-
stant.?®! This fitting procedure yielded an effective moment
of uepr = 1.8 ug per Mn, significantly lower than the theore-
tically predicted spin-only effective moment s = 5.9 pp for
a free Mn?* ion with 5 unpaired electrons.!?®! This low mo-
ment is most likely suggestive of a complex magnetic struc-
ture and cannot be taken as an indication of either a low-
spin state or highly oxidized Mn"* configuration (n > 2).
Discussion of the possible magnetic structure follows; as
elaborated therein and as argued elsewhere,?°-331 Mn3* or
higher oxidation states for Mn are not expected to be stable
in antimonides and pnictides in general.
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Figure 2. Temperature dependence of the magnetic susceptibility of
Mg(Mg;_Mn,),Sb, (x = 0.25), cooled from room temperature to
5 K at an applied field H = 5000 Oe.
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The magnetic behaviour of BaMn,Sb, appears very sim-
ilar to that of the isostructural BaMn,P,.[2% The magnetic
susceptibility (y) of BaMn,Sb, decreases slowly as the tem-
perature is lowered from 290 to ca. 75 K, and then increases
(Figure 3). For both compounds, no maxima in the mag-
netic susceptibility can be observed from 5 K up to room
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Figure 3. Temperature dependence of the magnetic susceptibility of

BaMn,Sb,, cooled from room temperature to 5 K at an applied
field 5000 Oe.
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temperature. Such y vs. 7' dependence could signify a strong
antiferromagnetic order, which was confirmed for BaMn,P,
from both magnetic susceptibility measurements and vari-
able temperature neutron diffraction experiments (Néel
temperature Ty = 750 K).?Y However, the expected high
ordering temperature for BaMn,Sb, could not be experi-
mentally verified due to its air-sensitivity and the special-
ized nature of such measurements. Nonetheless, the antifer-
romagnetic ground state for BaMn,Sb, is evidenced from
the spin-polarized calculations, discussed in detail next.

Electronic Structure

To understand the magnetic properties of Mg(Mg; .-
Mn,),Sb, and BaMn,Sb,, electronic structure calculations
were performed on these compounds based on the Tight-
Binding LMTO method using the atomic-sphere approxi-
mation. The total DOS together with the partial DOS of
the Mn 3d-orbital for the idealized MgMn,Sb, structure
are plotted in Figure 4. The corresponding DOS curves of

spin down

MgMn,Sb,

N
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spin down spin up
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Figure 4. Density of states (DOS) for the idealized MgMn,Sb, compound (CaAl,Si>-type). Total (solid line) and partial (shaded area)
DOS of the 3d orbitals of Mn are shown. The calculations are performed assuming a nonmagnetic (NM) structure, or structures with
ferromagnetically (FM) and antiferromagnetically (4FM) coupled Mn spins, respectively.
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Figure 5. Density of states (DOS) for BaMn,Sb, (ThCr,Si,-type). Total (solid line) and partial (shaded area) DOS of the 3d orbitals of
Mn are shown. The calculations are performed for the nonmagnetic (NM) structure, or structures with ferromagnetically (FM) and

antiferromagnetically (4FM) coupled Mn spins, respectively.
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BaMn,Sb, are plotted in Figure 5. Three different models,
nonmagnetic (NM), ferromagnetic (FM) and antiferromag-
netic (AFM) are calculated for both structures. According
to the calculations, both MgMn,Sb, and BaMn,Sb, should
be antiferromagnetic (AFM) in their ground state, since the
calculations for the AFM-ordered structures suggest most
optimized bonding picture. The respective 4FM models for
MgMn,Sb, and BaMn,Sb, are schematically represented in
Figure 6. Closer inspections of the bands that are in a close
vicinity of the Fermi level reveals that they are predomi-
nantly contributed by 3d orbitals of Mn, which indicates
that they will be important for the electronic properties of
these compounds. There is negligible DOS at the Fermi
level, hence, the conductivity is expected to be poor.3* Such
conclusion is further corroborated by a four-probe electrical
resistivity measurement on a single crystal of Mg(Mg,;_,-
Mn,),Sb, (see ESI). This is also consistent with earlier re-
ports on other AMn,Sb, antimonides (A = Ca, Sr, Yb, Eu)
with the same structures.[20-21-35.36]

Figure 6. Schematic representations of the AFM models for the
idealized MgMn,Sb, structure (left) and the BaMn,Sb, structure
(right) from the TB-LMTO-ASA calculations. For clarity, only the
Mn-substructures are shown and the corresponding unit cells are
outlined.

Comparisons of the calculated local moment of Mn and
the total energies for each of the selected models of
BaMn,Sb, are presented in Table 4. The same type of
analysis for MgMn,Sb, is provided as Supporting Infor-
mation. From Table 4, it is evident that the total energies
calculated for the FM and AFM models are always much
lower than the NM one, with the AFM model giving the
most stable configuration. These results are suggestive of
a very strong Mn—Mn antiferromagnetic coupling in both
MgMn,Sb, and BaMn,Sb,. The local moment for each Mn
atom is calculated to be almost 4 pg, which is in good agree-
ment with the earlier neutron diffraction results for
SrMn,P, and BaMn,P»,[?% as well as the computations for
CaMn,Sb, and SrMn,Sb,.?!1 According to these, Mn in
this structure should be interpreted as high-spin Mn?>*.

Although the calculations provided a good overall pic-
ture of the electronic structure for both compounds, they
cannot explain the apparent temperature dependence of the
magnetic susceptibility observed for Mg(Mg; .Mn,),Sb,
(Figure 2). Therefore, additional calculations were per-
formed for the latter using a model 2 X 2 X 1 super-cell. The
rational for creating the hypothetical Mg;(Mn,Sbg com-
pound (i.e., 4 X Mgy 503y Mng s03)Sb,) originated from the
observation that on the 2d site (Table 1), virtually every 4
Mg atom is replaced by Mn. Based on that, three likely
4266
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Table 4. Theoretically calculated (LDA or GGA) local magnetic
moments () for the Mn atoms and relative total electronic energies
(Ero7) for BaMn,Sb,. The energy difference (AE = E ryr — Erpg)
between the AFM and FM models is also shown. The total energy
of the corresponding NM ground states is selected as an energy
reference.

Method Ground Livin [1s] Erorl[eV] AE
state [meV/Mn]
LDA NM 0 0
FM 3.56 -1.136 -232
AFM 3.74 -1.599
GGA NM 0 0
M 3.71 -1.522 214
AFM 3.87 -1.950

ordered models were chosen for in-depth analyses, as they
exemplify three very different Mn—-Mn types of long-range
order. These models are schematically illustrated in Fig-
ure 7. The total energies calculated for them are listed in
Table 5. To compare their relative stabilities, the nonmag-
netic total energy of model I was chosen as an energy refer-
ence. Based on the NM calculations, model II is suggested
to be the most stable one, with a total energy that is lower
by 0.903eV (LDA) and 0.938eV (GGA) compared to
model I. Model III is the least stable one (Table 5).

Model-I Model-II
NN NN
AN AN
RN T TN S
Model-ll
N NN N Mn-Mn distances
Model-I 3.20A
Model-I 452 A
Model-lll 554 A

Figure 7. Schematic representation of three likely Mg;o,Mn,Sbg
structures, formed in 2 X2 X 1 super-cells of Mg(Mg, . Mn,),Sb,
(x = 0.25). The corresponding Mn-Mn distances are indicated in
the figure. Mn atoms are shown as darker spheres.

Table 5. Theoretically calculated (LDA or GGA) relative total elec-
tronic energies (Ero7) for three hypothetical Mg;oMn,Sbg struc-
tures, built from Mg(Mg;_.Mn,),Sb, (x = 0.25) using 2 X2 X 1 su-
per-cells. The energy difference (AE = E  ry — Eryy) between the
AFM and FM models is also shown. The total energy of the corre-
sponding NM ground state for model I (shortest Mn—Mn distance)
is selected as an energy reference.

Ground Model T Model IT Model IIT
state LDA GGA LDA GGA LDA GGA
NM 0 0 -0.903 -0.938 0.303 0.310
FM -3.265 -3.771 4.050 —4.605 -3.133 -3.628
AFM -3.537 -4.024 4300 4842 -3.282 -3.764
AE [meV/Mn] -136  -126 -125 118 74 —68

Spin-polarization calculations were also performed for
these hypothetical structural models by treating two of the
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Mn atoms in the unit cell to be ferromagnetically (FM) or
antiferromagnetically (4FM) coupled. According the en-
ergy differences between the FM and AFM magnetic calcu-
lations, strong antiferromagnetic Mn—-Mn interactions are
expected for all three different structural models. Again, for
model II, the AFM alignment gives the lowest total energy
(both LDA and GGA) compared to the other two models.
From the above, it is easy to explain why the observed effec-
tive moment is much lower than the expected 5.9 pg for
high-spin Mn?*. However, the observed temperature depen-
dence of the magnetic susceptibility of Mg(Mg;_.Mn,),Sb,
(x = 0.25) and the existence of a nonzero effective moment
remain open questions. Several possible reasons may ac-
count for this: first, the actual composition might be
slightly different from the idealized Mg;,Mn,Sbg one (i.e.,
Mg, sMn, 5Sb,), resulting in a small amount of “uncom-
pensated spins”; second, the models discussed above are
probably too simple to describe the real structure; and
third, small paramagnetic impurity might be present. The
latter is not as likely as the first two reasons since the mag-
netic properties were determined for selected single crystals
and were found to be reproducible within different reaction
batches. Therefore, we argue that the actual magnetic struc-
ture is more complicated, involving possibly short-range
correlations, non-random or domain-like distributions of
Mn, lattice dynamics, cluster spin-glass behaviour, etc. Such
“non-localities” and deviations for the ordered, or for that
matter fully disordered models that were discussed herein
can, of course strongly influence the long-range properties.

Conclusions

Single-crystals of Mg, 503 Mng s03Sb, and BaMn,Sb,
have been grown using the metal-flux method. The crystal
structures of the two compounds have been established by
single-crystal X-ray diffraction. Their bulk magnetic prop-
erties have been studied by magnetization measurements in
the temperature range from 5 to 290 K. The experimental
results have been complimented by electronic structure cal-
culations and spin-polarization calculations, using the TB-
LMTO-ASA method. For the stoichiometric compound
BaMn,Sb,, the experiment and the calculations confirm the
existence of a strong antiferromagnetic order. Model calcu-
lations for the solid solution Mg(Mg; .Mn,),Sb, (x = 0.25)
also suggest very strong antiferromangetic coupling; how-
ever, the magnetic susceptibility of Mgy 503y Mng s503)Sb,
shows Curie-like paramagnetic behaviour, which is not con-
sistent with the computations. We have argued that the ac-
tual magnetic order is perhaps more complicated, which
calls for further neutron diffraction or X-ray magnetic cir-
cular dichroism (XMCD) studies. Because Mg(Mg; Mn,),-
Sb, is a substitution derivative of a-Mg;Sb,, which is nom-
inally a Zintl phase and a small band-gap semiconductor,
an appropriate and controlled replacement of Mg by Mn
can result in dilute magnetic semiconductor with interesting
physical properties.
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Experimental Section

Synthesis: Single crystals of Mg(Mg; .Mn,),Sb, and BaMn,Sb,
were grown from high-temperature reactions using Sn as metal
flux.?* The starting materials were purchased from Alfa or Aldrich
and used as received (stated purity greater than 99.9%). The metals
were stored and handled inside an argon-filled glove box or under
vacuum in order to prevent unwanted oxidation. The synthetic pro-
cedure was identical to that used for the crystal growth of
CaMn,Sb, and SrMn,Sb, and was described in detail elsewhere.[*!]
The products of the flux reactions in both cases were thin plates,
later identified as the title compounds. In the Mg-Mn-Sb reac-
tions, where Mn was used in excess, small needle crystals of
MnSbB7 were obtained as a side product.

Although this study dealt exclusively with single crystals, we note
here that Mg(Mg, .Mn,),Sb, and BaMn,Sb, can be synthesized
in a polycrystalline form through stoichiometric reactions in
welded Nb-ampoules. This was not the method of choice herein
primarily because the Nb tubes become susceptible to side reac-
tions at temperatures above 1000 °C, resulting in the contamination
of the samples with Nb-Sb binaries. Another drawback of the di-
rect fusion method with regard the synthesis of phase-pure
Mg(Mg, Mn,),Sb, samples has been discussed (see Results and
Discussion).

The crystals of BaMn,Sb, appeared moderately sensitive to air, as
evidenced from the quick loss of their luster when left in the open
atmosphere. The crystals of Mg(Mg,_.Mn,),Sb, in turn were found
to be stable in air for several weeks.

X-ray Powder Diffraction: All powder X-ray diffraction patterns
were taken at room temperature on a Rigaku MiniFlex powder
diffractometer using Cu-K, radiation. The data analysis was car-
ried out employing the JADE 6.5 software package. The patterns
were used to analyze the products from the reactions and to investi-
gate the possible phase width existing in Mg(Mg; .Mn,),Sb,.
Specifically, powder patterns were taken for all samples prepared
with various nominal compositions (Table 3). The unit cell param-
eters in each case were refined by the least-squares method and the
patterns were calibrated with Si as an internal standard.

Single Crystal X-ray Diffraction: Single crystals of the title com-
pounds were picked, cut to suitable sizes for data collection
[70 X 30 X 30 um? for Mg(Mg,_.Mn,),Sb, and 100 X 40 X 40 pm?
for BaMn,Sb,], and mounted on glass fibers using Paratone N oil.
Intensity data collections were carried out at 120(2) K on a Bruker
SMART CCD-based diffractometer. Nearly full spheres of recipro-
cal space data were collected in four batch runs at different w and
¢ angles (up to 20, = 55°). The data collections were handled
using the SMART software, 8] data integrations and global unit
cell refinements were done with the SAINTplus program.8! Semi-
empirical absorption correction based on equivalents was applied
using SADABSP?! [Tin/Tmax = 0.683 and Rj,, = 0.0505 for
Mg, 503yMng 503)Sb2, Tinin/ Tmax = 0.471 and Ry, = 0.0378 for
BaMn,Sb,, respectively]. The structures were refined by full-matrix
least-squares methods on F? using the SHELX package.*?! Refined
parameters included the scaling factors, atomic positions and the
anisotropic displacement parameters. Selected data collection and
refinement parameters are given in Table 6 below; refined atomic
parameters and relevant bond lengths are listed in Tables 1
and 2. Further information in the form of CIF has been deposited
with Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany, [Fax: +49-7247-808-666; E-mail:
crysdata@fiz.karlsruhe.de] — depository number CSD-419530 (for
Mg> s03yMnyg 503)Sb,), -419531 (for BaMn,Sb,), respectively.
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Table 6. Selected crystallographic data for Mg(Mg, .Mn,),Sb,
(x = 0.25) and BaMn,Sb,.

Chemical formula BaMn,Sb,

490.72
Almmm (N0.°139), 2
a=44122) A

Mgz.so(s)Mno.so(s)sz

331.74

P3ml (No. 164), 1

a=452203)A

¢=17.191(5) A ¢ = 14.414(8)

V= 127.36(14) A3 v = 280.6(2) A3
Mo-K,, 0.71073 A

Formula weight
Space group, Z
Unit cell parameters

Radiation, /4

T[K] 120(2)
Peatea. [gfem’] 4325 5.808
4 [mm '] 11.905 20.622
Goodness of fit on 2 0.938 1.066
Final R, (I > 2641 0.0239 0.0304
Final wR, (I > 26" 0.0501 0.0695

[a] Ry = IF| — [FVEIF. [b] wRy = [X[w(Fy* — FPVZIWES) ™.

‘We also note trial refinements of the occupancies for the sites, done
by freeing the site occupation factor (SOF) for an individual atom
while the remaining SOF’s were kept fixed. They proved that the
corresponding deviations from full occupancy are within 3o for all
sites, except for the position labeled “M” in the Mg(Mg; Mn,),-
Sb, structure (Table 1). Its site occupation factor indicated scat-
tering from a heavier than Mg but lighter than Mn atom and was
therefore modeled by refining it as a statistical mixture of 25(2)%
Mn and 75(2)% Mg, respectively.

Elemental Microanalysis: To independently verify that Mg-
(Mg, _.Mn,)-Sb, is not a line compound, two different crystals that
were synthesized from reactions with different ratios of the starting
materials were subjected to elemental analysis by means of SEM-
EDX. The crystals were mounted onto a carbon tape and placed
in the chamber of a Jeol 7400 F electron microscope equipped with
an INCA-Oxford energy-dispersive spectrometer. The microscope
was operated at 10 pA beam current at 15 kV accelerating poten-
tial. Several measurements were taken for each and then averaged.
The normalized per antimony compositions were Mg, 3Mn, sSb,
and Mg, sMn, 3Sb,, consistent with the above-discussed results.

Magnetic Susceptibility: Temperature-dependent magnetic-suscep-
tibility data were acquired with a Quantum Design MPMS SQUID
magnetometer. The samples consisted of carefully selected crystals
of Mg 503y Mnyg s0(3)Sb, (15 mg) and BaMn,Sb, (9 mg), which were
subsequently placed in custom-designed capsules.[*”) The measure-
ments of magnetization (M) vs. temperature were performed upon
field cooling in a temperature range from 5-290 K and in an ap-
plied field (H) of 5000 Oe. The holder’s diamagnetic contribution
to the magnetization was subtracted when the raw data were con-
verted to molar susceptibility (y,, = M/H). The susceptibility data
plotted in Figures 2 and 3 were normalized per mol-Mn.

Computational Methodology: Electronic structure calculations were
performed using the linear muffin-tin orbital (LMTO) method!*!
implemented in the “LMTO 4.7” package.*?l All relativistic effects
except for spin-orbit coupling were taken into account by a scalar
relativistic approximation.[*’ Electronic energies and magnetic mo-
ments were calculated via density-functional theory (DFT) based
on the local-density approximation (LDA) for the exchange-corre-
lation functional as parameterized by von Bath and Hedin*¥ or
based on the parameterization by Vosko, Wilk, and Nusari* aug-
mented with gradient corrections*® to follow the generalized-gra-
dient approximation (GGA) with a total of 1000 k-points used in
the irreducible Brillouin zone. Interstitial spheres were inserted to
achieve space filling automatically.” The Fermi level was selected
as the energy reference. To perform the spin-polarization calcula-
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tions on BaMn,Sb, and the imaginary MgMn,Sb, compound (or-
dered structure), the symmetry of the system has to be lowered in
order to treat the two Mn separately. In addition, in order to cir-
cumvent the problem with the statistically distributed Mn and Mg
on the same crystallographic site in Mg, sMngsSb,, several
2 X2 X 1 super-cells were considered (Figure 7).

Supporting Information (see also the footnote on the first page of
this article): Detailed description of the spin-polarized calculation
of the hypothetical compound MgMn,Sb,, and a plot of the tem-
perature dependence of the resistivity of Mg, s03,Mng so(3)Sb> (sin-
gle crystal).
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