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ABSTRACT: Reactions of silicon with europium and ytterbium
were carried out in Mg/Zn eutectic flux to synthesize complex
metal silicides. Depending on the ratios of Eu and Yb reactant used,
observed products were Yb2MgSi2 (when no Eu was used),
Eu2Yb2.7Mg9.3Si7 (with more Yb than Eu reacted), and
Eu5(Eu1−xYbx)3Mg16Si12 (with more Eu than Yb). The latter two
compounds form in the Zr2Fe12P7 (P-6) and Ho5Ni19P12 (P-62m)
structure types, and are charge-balanced Zintl phases. Density of
states calculations show that the consistently observed composition
of Eu2Yb2.7Mg9.3Si7 is electronically stabilized. Magnetic suscepti-
bility measurements show europium and ytterbium are both
divalent; highly anisotropic ferromagnetic ordering of Eu2+

moments is observed at low temperature. Thermoelectric measurements indicate that site mixing of cations lowers thermal
conductivity, and that Eu6.72Yb1.28Mg15.56Zn0.44Si12 has the most promising thermoelectric behavior with a zT = 0.14 at 400 K and
potential for use at high temperatures.

■ INTRODUCTION
Zintl phases are a broad class of intermetallic compounds
comprised of very electropositive metals (groups 1 and 2, as
well as some divalent rare earths) and main group metalloids.1

The metalloids accept electrons from the metals to fill their
valence shells, sometimes forming polyanions with covalent
M−M bonds. This results in anions that are charge-balanced
by surrounding metal cations, resulting in semiconducting or
semimetallic behavior. Complex structures and incorporation
of heavy elements lower the thermal conductivity, which makes
them promising as thermoelectric materials, exemplified by
Yb14MnSb11, SrAgSb, and Sr7.8Mg16.2Si12.2−4 The thermo-
electric behavior of a material is quantified by its figure of merit
(zT = [S2σ/κ]T) which depends on Seebeck coefficient S,
electrical conductivity σ, and thermal conductivity κ. Zintl
phases containing heavy cations such as europium and
ytterbium often exhibit lower thermal conductivity due to
scattering of phonons, particularly if they exhibit disorder such
as site mixing. Incorporation of europium as the electropositive
metal can also induce magnetic ordering or magnetoresistive
behavior, which was reported for EuMgSn and EuIn2P2.5,6

Exploring the synthesis of Zintl phases and investigating the
correlations between their structures and properties are
therefore of interest in many research fields.

Zintl phases are often produced using the traditional solid-
state synthesis method which uses high temperature heating of
stoichiometric ratios to ensure sufficient diffusion of reactants
to drive product formation.7 This method favors the most
thermodynamically stable product formation, and is less
amenable for exploratory synthesis or isolation of metastable
compounds. For exploratory synthesis of complex structures,
reactions must be designed such that sufficient diffusion is
achieved at lower temperature. In metal flux synthesis, the use
of a low-melting metal as a solvent allows reactions to be
carried out below the temperature of traditional solid-state
methods.8 Slow cooling of the homogeneous solution enables
products to form as large crystals. Modifying the cooling rate
may stabilize the formation of different products; two different
Ba/Yb/Mg/Si compounds precipitate from Mg/Al melts
depending on this factor.9 The use of solution chemistry also
introduces the possibility of precipitation of a high temperature
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product in the flux which may convert to a different compound
as the temperature of the flux is lowered. This was recently
reported for reactions of cerium with several different
transition metals in molten gallium.10

Flux reactions are particularly attractive as a method to grow
metal silicides; dissolution in a molten metal makes silicon
reactive well below its melting point. Complex silicide
compounds can be grown from gallium flux (Ba8Ga16Si30,
SmNiSi3), aluminum flux (U1.33Ni4Al48Si, Gd2AuAl6Si4), and
indium flux (YbCoxSi2−x, Sc2Mn4Si5).11−16 Magnesium metal
is not typically thought of as a flux due to its high melting point
and volatility, but combining it with a secondary flux
component such as Zn can result in eutectic formation (Mg/
Zn eutectic with 72:28 mol ratio melts at 341 °C), and the use
of sealed Nb ampules prevents evaporation. In our previous
work, we explored the reactions of electropositive divalent
metals (A = Ca, Sr, Ba, Eu, Yb) with different tetrel elements
(Tt = Si, Ge, Sn) in Mg/Al flux mixtures.4,5,9,17,18 Nineteen
compounds were reported which demonstrates the flexibility of
flux synthesis. These compounds can be represented with a
general formula (A/Mg)2Tt, and are thus charge balanced.
They all are semimetallic and exhibit complex hexagonal
structures (Ho20Ni66P43, Ho5Ni19P12, Ho6Ni20P13, and
Zr2Fe12P7-type). They also have potential magnetic and
thermoelectric applications.

In this work, we explored reactions of silicon with varying
ratios of europium and ytterbium, using Mg/Zn as a flux. The
(Eu/Yb/Mg)2Si products were found to exhibit two structure
types depending on the Eu:Yb ratio. Magnetic susceptibility
data indicates europium and ytterbium are both divalent in
these materials, with ferromagnetic ordering of Eu2+ moments
observed in all compounds. Eu/Yb site mixing is observed to
lower thermal conductivity, and particularly promising thermo-
electric behavior is seen for Eu6.72Yb1.28Mg15.56Zn0.44Si12.

■ EXPERIMENTAL PROCEDURE

Synthesis
To carry out flux reactions, desired stoichiometric ratios of europium
(99%, Alfa Aesar) and ytterbium chunks (99.9%, Alfa Aesar) were
weighed and loaded into a niobium tube containing 22 mmol of
magnesium slugs (99.95% Alfa Aesar), 8 mmol of zinc shot (99.99%,
Alfa Aesar) and 3 mmol silicon powder (99.9%, Beantown Chemical)
in an argon-filled glovebox. The reaction ratios are listed in Table 1.

The niobium crucible was welded in an argon-filled glovebox and then
flame-sealed into quartz tubes under vacuum. All reaction ampules
were placed in a furnace and heated from room temperature to 1273
K in 5 h, held at 1273 K for 10 h, cooled to 1023 K in 80 h, and held
at 1023 K for 24 h, at which point the reaction ampules were quickly
removed from the furnace, inverted and centrifuged to remove excess
flux. (Caution: use suitable protective equipment including gloves, tongs,
and face shield to transfer the hot ampule.) During this process, crystals
adhere to the sides at one end of the niobium crucible as the flux is
decanted. The crucibles were then cut open and crystals of product
were removed.

Elemental Analysis
SEM-EDS analyses were carried out using a FEI Nova 400 NanoSEM
equipped with energy dispersive spectroscopy (EDS) capabilities. The
samples were mounted on aluminum pucks using carbon tape. The
samples were analyzed using an acceleration voltage of 25 kV. Some
regions of the crystal surfaces retained remnants of flux droplets
(Figure S1, Supporting Information), necessitating measurements to
be conducted on either cleaved samples or areas free from flux. The
resulting data on cleaved samples do not show the presence of any
zinc from the flux or elemental incorporation from the niobium
crucible used in the process. The observed compositions are listed in
Table 1.

Structural Characterization
Products were examined under an optical microscope and tiny crystals
with shiny surfaces were mounted on Hampton Cryoloop holders
using Parabar oil. Single-crystal X-ray diffraction (SCXRD) data were
collected using a Rigaku XtaLAB Synergy-S diffractometer equipped
with a Mo−Kα (λ = 0.7107 Å) source. Data were collected at room
temperature, and the structure solution was determined by direct
methods and refined using SHELXTL program suite.19 Yb2MgSi2
exhibited the Mo2FeB2 structure type in the tetragonal space group
P4/mbm. The structures of the Eu2YbxMg12‑xSi7 compounds were
refined in the Zr2Fe12P7 structure type in hexagonal space group P-6.
Eu5(Eu1−xYbx)3Mg16Si12 compounds formed in the Hf2Co4P3
structure type in hexagonal space group P-62m. The high symmetry
1a Wyckoff position in the Hf2Co4P3-type structures (occupied by
Mg) exhibited negative thermal parameters. Face indexing of the
crystals and associated numerical absorption corrections were
ineffective at resolving this. Upon allowing occupancy refinement,
this site refined to greater than unity with a significant lowering of the
R-value. Given the short distances to neighboring atoms, it is unlikely
that Yb2+ or Eu2+ are mixing on this site. While the presence of zinc
was not seen in elemental analysis, it is possible that trace amounts
mix on this site, given the very similar sizes of Mg2+ and Zn2+. This
site was therefore refined as a Mg/Zn mixed site (leading to 30−44%
Zn occupancy) which yielded a lower R-value with no negative
thermal parameters. Crystallographic information for these com-
pounds is shown in Table 2 and Supporting Information Table S1;
Crystallographic Information Files are available from the CCDC
under deposition numbers listed in the tables.

Powder X-ray Diffraction
Samples isolated from the flux reactions were ground to powder in an
alumina mortar and pestle. The powders were placed on a zero-
background sample holder and diffraction data were acquired using a
Rigaku SmartLab diffractometer with a Cu−Kα radiation source. Data
were collected in the 2θ range 10°−80°. The resulting patterns were
analyzed with the search-match feature and compared to calculated
powder patterns to determine the products present in the sample.
Rietveld refinement of the data of mixed phase product was
performed using the GSAS-II software package.20

Calculations of Electronic Structure
The possible electronic stabilization of Eu2Yb2.65Mg9.35Si7 (a product
composition consistently observed for this structure type) was
investigated via density of states (DOS) calculations employing the
Stuttgart TB-LMTO-ASA software. These computations made use of
the atomic coordinates obtained from single-crystal X-ray diffraction

Table 1. Amounts (In Millimoles) of Europium and
Ytterbium Reacted with 3 mmol of Si in a 22:8 mmol Mg/
Zn Flux and the Resulting Product Compositions
Determined from X-ray Refinement and Elemental Analysis

Eu/Yb
(mmoles)

Refined composition
(SC-XRD)

Elemental Analysis
(SEM-EDS)a

Structure
type

0:3 Yb2MgSi2 Yb1.8Mg1.0Si2.1 Mo2FeB2

0.5:2.5 Eu2Yb2.69(1)Mg9.31Si7 Eu2.0Yb2.8Mg9.8Si7 Zr2Fe12P7

1.0:2.0 Eu2Yb2.69(1)Mg9.31Si7 Eu2.1Yb2.6Mg9.5Si7 Zr2Fe12P7

1.5:1.5 Eu2Yb2.65(1)Mg9.35Si7 Eu2.3Yb2.6Mg9.6Si7 Zr2Fe12P7

2.0:1.0 Eu6.50Yb1.50(2)
Mg15.56Zn0.44(2) Si12

Eu6.1Yb2.3Mg17.2Si12 Hf2Co4P3

2.25:0.75 Eu6.72Yb1.28(2)
Mg15.56Zn0.44(2)Si12

Eu6.5Yb2.0Mg16.9Si12 Hf2Co4P3

2.5:0.5 Eu7.46Yb0.54(1)
Mg15.56Zn0.44(1)Si12

Eu7.3Yb1.0Mg15.9Si12 Hf2Co4P3

3:0 Eu8Mg15.71Zn0.29(1)Si12 Eu7.8Mg18Si12 Hf2Co4P3

aError values for SEM-EDS compositions are 5%.
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analyses.21,22 Due to the computational difficulties imparted by
partially filled f-shells, we substituted Sr for Eu and Ca for Yb. To
minimize the computing challenges of Yb/Mg site mixing, we
considered two ordered models, with the mixed site occupied either
by Mg or Yb. The resulting compounds (Eu2Mg12Si7 and
Eu2Yb3Mg9Si7) are modeled as Sr2Mg12Si7 and Sr2Ca3Mg9Si7.

Magnetic Susceptibility Measurements
Magnetic susceptibility data were collected on single crystals using a
Quantum Design MPMS SQUID magnetometer to explore potential
magnetic ordering and to determine the valence state of europium
and ytterbium. Rod-shaped crystals of Eu2Yb2.65Mg9.35Si7,
Eu6 . 5 0Yb1 . 5 0Mg1 5 . 5 6Zn0 . 4 4Si1 2, Eu6 . 7 2Yb1 . 2 8Mg1 5 . 5 6Zn0 . 4 4Si1 2,
Eu7.46Yb0.54Mg15.56Zn0.44Si12 and Eu8Mg15.71Zn0.29Si12 were positioned
with their crystallographic c-axis either perpendicular or parallel to the
applied field by aligning it on a Kapton tape. Following that, this tape
was put into a straw and fastened to the sample rod of the
magnetometer. Magnetic susceptibility, expressed as χ = M/H, was
measured from 1.8 to 300 K with a 500 Oe applied magnetic field.
Zero-field-cooled (ZFC) and field-cooled (FC) data were also
collected with the c-axis of the crystals parallel and perpendicular to
the magnetic field from 1.8 to 300 K with a 500 Oe applied magnetic
field. Measurements of magnetization were collected at 2 K as the
field scaled from 7.0 to −7.0 T for both orientations of the crystals.

Thermoelectric Measurements
Single crystals of Eu2Yb2.65Mg9.35Si7, Eu6.50Yb1.50Mg15.56Zn0.44Si12,
Eu6.72Yb1.28Mg15.56Zn0.44Si12, and Eu8Mg15.71Zn0.29Si12 were affixed
onto a specially designed holder with silver epoxy. The electric current
and the heat gradient were aligned with the long axis of the crystals
(crystallographic c-axis). Thermal conductivity and Seebeck coef-
ficients for the samples were determined using the classic one-heater-
two-thermometer technique. We utilized two Cernox sensors as
thermometers and a refined, polished metallic chip as the heating
element. Incremental power was supplied to the heater, inducing
stepwise thermal gradients through the specimens. The resulting
temperature differences and thermoelectric voltages were recorded
concurrently once the system reached thermal equilibrium at each
power increment. Separately, electrical resistivity was measured on the
same crystals using a four-wire configuration within a Quantum
Design Physical Property Measurement System (PPMS) in the
temperature range from 1.8 to 400 K.

■ RESULTS AND DISCUSSION

Synthesis
T h e Z i n t l p h a s e s E u 2 Y b 2 . 6 5 M g 9 . 3 5 S i 7 a n d
Eu5(Eu1−xYbx)3Mg16Si12 (0 < x < 0.5) can be grown as large
crystals from the reaction of silicon with europium and
ytterbium in excess magnesium−zinc flux. Examples of single
crystals grown are shown in Figure 1, which grow as silver rods

up to 7 mm in length and 3 mm in diameter. Droplets of flux
residues are seen on the surface of single crystals analyzed by
SEM-EDX. These crystals are air stable and show no sign of
oxidation after exposure to air for weeks. They dissolve readily
in 1 M HCl.

In the absence of europium, crystals of Yb2MgSi2 are formed
with the Mo2FeB2 structure type; this compound was
previously reported by Nesper.23 However, the introduction
of europium at low concentrations (Eu amounts between 0.5
and 1.5 mmol) results in the formation of Eu2Yb2.65Mg9.35Si7
with the Zr2Fe12P7 structure type. The PXRD data (Figure 2)
show a mixture of Yb2MgSi2 and Eu2Yb2.65Mg9.35Si7 is present

Table 2. Crystallographic Data and Collection Parameters for Four Representative (Eu/Yb/Mg/Si) Phases; the Remainder Are
Found in Supporting Information (Table S1)

Compound Yb2MgSi2 Eu2Yb2.65Mg9.35Si7 Eu6.50Yb1.50Mg15.56Zn0.44Si12 Eu7.46Yb0.54Mg15.56Zn0.44Si12

F.W. (g/mol) 426.61 1186.46 1991.41 1971.17
Crystal system Tetragonal Hexagonal Hexagonal Hexagonal
Space group P4/mbm P-6 P-62m P-62m
Temperature (K) 297(2) 297(2) 297(2) 297(2)
radiation Mo Kα Mo Kα Mo Kα Mo Kα
a (Å) 7.0526 (2) 11.1217(2) 14.6242(2) 14.6421(2)
c (Å) 4.1327 (2) 4.3886(1) 4.3968(1) 4.4069(1)
Z 2 1 1 1
V(Å) 205.563 (2) 470.11(2) 814.35(3) 818.22(3)
Dx(g/cm3) 6.892 4.191 4.061 4.000
Limiting indices −11 < h < 11 −18 < h < 18 −22 < h < 23 −23 < h < 23

−11 < k < 11 −18 < k < 17 −23 < k < 24 −23 < k < 23
−6 < l < 6 −7 < l < 7 −7 < l < 7 −7 < l < 7

No. of reflections 287 1552 1445 1450
No. of parameters 12 45 46 46
μ (mm−1) 45.715 20.363 17.636 16.649
GOF 1.183 1.077 1.063 1.065
R1/wR2 (all data) 0.0167/0.0337 0.0191/0.0364 0.0158/0.0291 0.0205/0.0468
R1/wR2 (I > 2σ(I)) 0.0140/0.0306 0.0186/0.0362 0.0154/0.0289 0.0199/0.0465
highest peak/hole (e−/A3) 1.595/-1.931 1.085/-1.694 1.106/-0.867 4.913/-1.179
CCDC deposition 2498789 2498651 2498703 2498706

Figure 1. Optical microscopy images (top, on mm grid paper) and
SEM images (bottom) of (a) Eu 2Yb2 . 6 5Mg 9 . 3 5Si7 , (b)
Eu6.50Yb1.50Mg15.56Zn0.44Si12, and (c) Eu6.72Yb1.28Mg15.56Zn0.44Si12.
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at Eu/Yb reactant ratios up to 1.0:2.0 mmol. Rietveld
refinement of the PXRD data for the product of the Eu/Yb
0.5:2.5 mmol ratio indicates 26% Yb2MgSi2 and 74%
Eu2Yb2.65Mg9.35Si7 (Figure S2, Supporting Information). With
a Eu reactant amount of 1.50 mmol, the product consists of
pure Eu2Yb2.65Mg9.35Si7. The atomic percentages indicated by
EDX are consistent with the stoichiometry obtained through
single crystal X-ray diffraction (SC-XRD) refinement. As the
europium content increases further (2 mmol of Eu and
higher), the reaction abruptly switches to formation of
Hf2Co4P3-type compounds, with no byproducts seen in the
PXRD data. The Eu5(Eu1−xYbx)3Mg16Si12 products exhibit
solid solution behavior, with increasing Eu content on a mixed
site as the [Eu] is increased in the flux. In the absence of
ytterbium, crystals of Eu8Mg16Si12 are produced. However, a
few such reactions yield crystals of TiNiSi-type EuMgSi,
possibly resulting from insufficient mixing of reactants in those
cases.

A magnesium-rich flux medium appears necessary to isolate
many of the compounds described in this work. A
stoichiometric reaction targeting Eu8Mg16Si12 (1 mmol Eu, 2
mmol Mg, and 1.5 mmol Si heated to 1273 K, then cooled to
room temperature in 12 h) yielded EuMgSi with the TiNiSi
structure type, as well as some crystals of Mg2Si. The PXRD
data are found in Supporting Information (Figure S3).
Carrying out the same reaction with added Mg/Zn flux
produced Eu8Mg16Si12. (A/Mg)2Si Zintl phases can be grown
in either Mg/Zn or Mg/Al fluxes. Our previous work using
Mg/Al flux mixtures yielded products that consistently contain
up to 3−5% of aluminum, indicated by SEM-EDS measure-
ments. However, determining where the Al is incorporated was
not possible; it will either mix on a Mg site or Si site and SC-
XRD is not able to distinguish this due to similar electron
counts. On the other hand, SEM-EDS analysis of products
grown in Mg/Zn flux did not detect any zinc. It was only upon
allowing SC-XRD occupancy refinement that one Mg site in
the Hf2Co4P3-type compounds (Eu5(Eu1−xYbx)3Mg16Si12)
consistently indicated a mixing with a heavier element of
similar size. The resulting refined compositions (for instance,
Eu6.72Yb1.28Mg15.56Zn0.44Si12) have 1.2% Zn, which is below the
detection limit of our SEM-EDS. So it is likely that both
possible fluxes (Mg/Zn and Mg/Al) allow the non-Mg flux
component to incorporate into products, but Zn goes in at
lower amounts.

Structures
The (Mg/Zn)/Si/Yb reaction produced Yb2MgSi2 with the
tetragonal Mo2FeB2 structure type; this is shown in Figure 3.

The notable structural feature is the Si−Si dimer with a bond
length of 2.387(3) Å. This can be viewed as [Si−Si]6−, which is
charge-balanced by divalent ytterbium and magnesium,
resulting in the Zintl phase formula (Yb2+)2(Mg2+)([Si2]6−).
Reactions with only europium yield the other endmember
Eu8Mg15.71Zn0.29Si12. The composition has 24 divalent cations
(Eu2+, Zn2+, and Mg2+) charged-balanced by 12 Si4− anions.
This compound can be viewed as having either the Hf2Co4P3
or Ho5Ni19P12 structure type. These are isopointal hexagonal
(P-62m) structures, which becomes apparent when the
composition of the former is quadrupled (Hf8Co16P12 versus
Ho5Ni19P12). Both have three unique phosphide sites and two
large metal atom sites (2c and 3g Wyckoff sites). The
difference occurs in the occupancy of a 3f site. In “Hf8Co16P12”,
the 3f site is occupied by the large metal atom Hf. In
Ho5Ni19P12, it is occupied by a smaller transition metal Ni. Our
ongoing survey of flux growth of A5+xMg19-xSi12 phases (A = Sr,
Ba, Eu) results in compounds that may have this 3f site
occupied by Mg (Ba5Mg19Si12, isostructural to Ho5Ni19Si12), by
the larger A cations (Eu8Mg16Si12), or by a mixture of Mg and
A (Sr7.8Mg16.2Si12).4 Given this range of possible occupancies
of this site, we typically use the Ho5Ni19Si12 formulation.
However, given that Eu8Mg15.71Zn0.29Si12 has europium fully
occupying the 2c, 3g, and 3f sites, it is also accurate to assign
this to the Hf2Co4P3 structure type and refer to it as
Eu2Mg4Si3. This was the composition given by Numakura et
al. in a recent report.24

In Eu8Mg15.71Zn0.29Si12, the bond length between europium
in the 3f site and silicon falls within 3.007(5) Å and 3.173(2) Å
(see Table 3). This is on the lower end of reported Eu−Si
bond lengths, compared to those seen in EuSi2 (3.12−3.24 Å)
and Eu5Si3 (3.17−3.27 Å).25,26 It is also significantly shorter
than the distances between silicon and europium occupying
the 3g and 2c Wyckoff sites (3.400−3.435 Å). This is because
the 3f site is often occupied by smaller cations (and/or
magnesium) while the bigger cations occupy the 3g and 2c
sites. The above signals the difference between the Hf2Co4P3
and Ho5Ni19P12 structure types, where the bigger cation (Ho)
occupies the 2c and 3g sites and the smaller cation (Ni)
occupies the 3f site.

The presence of both ytterbium and europium in the
reaction introduces formation of multiple phases and
compounds with cation mixing. Reactions with high Yb
content yield Yb2MgSi2 and/or Eu2Yb2.65Mg9.35Si7, with the
ratio of these products dependent on the Eu:Yb ratio. The

Figure 2. PXRD data for products formed at different Eu:Yb ratios
reacting with silicon in Mg/Zn flux, compared with calculated
patterns for Yb2MgSi2 (red), Eu2Mg12Si7 (black), and Eu8Mg16Si12
(blue).

Figure 3. Structure of Yb2MgSi2 featuring Si−Si dimers. Mg sites are
represented by yellow spheres, Yb sites are represented by red
spheres, and Si sites are represented by blue spheres.
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latter forms as a line compound with a consistent composition,
despite the possibility of Eu/Yb or Yb/Mg site mixing. It
exhibits the Zr2Fe12P7 structure type (Figure 4a) with
europium occupying the two zirconium sites (1c and 1f
Wyckoff sites) while ytterbium mixes with magnesium on one
of the four iron sites (3k Wyckoff site). The three phosphorus
sites are occupied by silicon. In this structure type, the 14
divalent cations are charge-balanced by 7 silicide anions.
Changing the Eu/Yb ratio from 0.5/2.5 to 1.5/1.5 gives
products with similar composition as confirmed by both SC-
XRD refinement and EDS results (see Table S1 and S2,
Supporting Information). This may indicate that having a 89%
Yb and 11% Mg mixture on the 3k Wyckoff site (yielding the
Eu2Yb2.65Mg9.35Si7 composition) is particularly stable.

Upon increasing the europium amount in the reaction,
Eu5(EuxYb1−x)3Mg16Si12 analogs are formed. The switch from
Eu2Yb2.65Mg9.35Si7 to Eu5(Eu/Yb)3Mg16Si12 is abrupt; they do
not occur as mixed products. In Eu5(Eu/Yb)3Mg16Si12 analogs,
the 2c and 3g sites are fully occupied by europium. These are
the Ho sites in the Ho5Ni19P12 structure; their full occupancy
by europium reflects the relative sizes of the Eu2+ and Yb2+

cations (1.31 Å and 1.16 Å, respectively).27 The 3f site exhibits
Eu/Yb mixing, with occupancies shown in Table 3. The solid
solution behavior is apparent, with the Eu content of this site
increasing with the [Eu] in the reaction. This gradually
increases the bond lengths around this 3f site, and with this,
the unit cell parameters (from a = 14.6242 Å and c = 4.39690
Å for Eu6.50Yb1.50Mg15.56Zn0.44Si12 to a = 14.7096 Å and c =
4.43040 Å for Eu8Mg15.71Zn0.29Si12).

Electronic Structure

T h e o b s e r v a t i o n o f a c o n s i s t e n t c o m p o s i t i o n
Eu2Yb2.65Mg9.35Si7 instead of a solid solution that varies with
Eu:Yb reactant ratio was unexpected. To better understand the
preference for a line compound, Density of states (DOS)
calculations were carried out on two model compounds,
Sr2Mg12Si7 and Sr2Ca3Mg9Si7 (Eu and Yb modeled as Sr and
Ca, respectively). As seen in Figure 5, pseudogaps are seen at
the Fermi level for both models, in agreement with their

Table 3. Comparison of the Mixed Site Occupancy and Bond Lengths of the Eu5(Eu/Yb)3Mg16Si12 Products

Eu6.50Yb1.50Mg15.56Zn0.44Si12 Eu6.72Yb1.28Mg15.56Zn0.44Si12 Eu7.46Yb0.54Mg15.56Zn0.44Si12 Eu8Mg15.71Zn0.29Si12

Unit cell parameters a = 14.6242 (2) Å a = 14.6400 (2) Å a = 14.6421 (2) Å a = 14.7096 (2) Å
c = 4.3968 (1) Å c = 4.4029 (1) Å c = 4.4069 (1) Å c = 4.4303 (1) Å

2c site occupancy Eu (100%) Eu (100%) Eu (100%) Eu (100%)
3g site occupancy Eu (100%) Eu (100%) Eu (100%) Eu (100%)
3f site occupancy 44.0 (3) %Eu 50.0 (3) %Eu 76.0 (4) % Eu 100.0%Eu

56.0 (3) %Yb 50.0 (3) %Yb 24.0 (4) %Yb
3f site�Si 2.953 (3) Å 2.960 (3) Å 2.970(4) Å 3.007 (3) Å

3.1391 (3) Å × 4 3.1453(4) Å × 4 3.1522 (3) Å × 4 3.1751 (3) Å × 4
3f site�Mg 3.225 (3) Å × 2 3.226 (3) Å × 2 3.230 (4) Å × 2 3.244 (3) Å × 2

3.243 (3) Å × 2 3.246 (3) Å × 2 3.246 (4) Å × 2 3.256 (3) Å × 2
3.426 (2) Å × 3 3.431 (2) Å × 3 3.435(3) Å × 3 3.460 (2) Å × 3

Figure 4. Structures of (a) Eu2Yb2.65Mg9.35Si7 (Zr2Fe12P7-type) and (b) Eu6.50Yb1.50Mg15.56Zn0.44Si12 (Hf2Co4P3 type) viewed down the c-axis.
Coordination of silicon sites are shown in polyhedral mode; the three unique silicon sites are shown as blue, light green, and dark green polyhedra.
The mixed sites are highlighted for both structures. Mg sites are represented by yellow spheres, Yb/Mg or Yb/Eu sites by red spheres, Zn/Mg sites
by gray spheres, and Eu sites are represented by black spheres.

Figure 5. Total density of states data for Sr2Mg12Si7 and
Sr2Ca3Mg9Si7, model compounds for Eu2Yb2.65Mg9.35Si7. The EF is
set to 0 eV. The partial DOS contributions for Sr, Ca, Mg and Si
elements are also shown.
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charge-balanced nature. Silicon states are dominant just below
EF. These compounds are therefore expected to be semimetals,
with electrical conductivity occurring within the silicon lattice.
The clearest difference between the models is that
Sr2Ca3Mg9Si7 has a deeper gap at EF than Sr2Mg12Si7. This
suggests that substitution of Yb onto the Mg site electronically
stabilizes the compound, in agreement with the 90%
occupancy of Yb consistently seen on this site.
Magnetic Behavior
Magnetic susceptibility data were collected on single crystals of
E u 2 Y b 2 . 6 5 M g 9 . 3 5 S i 7 , E u 6 . 5 0 Y b 1 . 5 0 M g 1 5 . 5 6 Z n 0 . 4 4 S i 1 2 ,
Eu6.72Yb1.28Mg15.56Zn0.44Si12, Eu7.46Yb0.54Mg15.56Zn0.44Si12 and
Eu8Mg15.71Zn0.29Si12 to determine oxidation states and observe
possible magnetic ordering. The oxidation states of the
potentially magnetic elements (Eu and Yb) could be +2 or
+3 or a mix of both. The presence of Eu/Yb or Yb/Mg mixed
sites may induce complex magnetic behavior, as is seen for
other disordered intermetallics.28,29 Temperature-dependent
magnetic susceptibility χ(T) for all compounds were measured
with the magnetic field of 500 Oe applied parallel and
perpendicular to the crystallographic c-axis and are shown in
Figure 6. The data were fitted using the Curie−Weiss law 1/χm

= (T/C) − (θ/C) at high temperature (in the paramagnetic
state, 100 K ≤ T ≤ 300 K) and the resulting parameters are
shown in Table 4.

Magnetic susceptibility analysis along the two principal
crystallographic directions reveals pronounced anisotropy in
the Eu−Yb−Mg−Si series; the susceptibility values with the
field applied parallel to the c-axis of the compounds are an
order of magnitude larger than when applied perpendicular.
The effective magnetic moments (μeff) per europium range
between 7.18 and 8.62 μB, values generally consistent with the
theoretical Eu2+ moment (7.94 μB). The Weiss temperatures
(θ) range from 3.40 to 25.68 K, the positive values indicating
predominantly ferromagnetic interactions. The data for all the
compounds exhibit cusps and field-cooled/zero-field cooled
splitting at temperatures below 15 K, indicating magnetic
ordering phenomena. The TC for the Eu5(Eu/Yb)3Mg16Si12
series does shift to slightly higher temperatures as the amount
of europium is increased. A distinctly lower TC is seen for
Eu2Yb2.65Mg9.35Si7. The magnetic behavior of the endmember
Eu8Mg15.71Zn0.29Si12 is somewhat different than that reported
by Numakura in 2018.24 Their report indicated antiferromag-
netic ordering below TN = 9.6 K and their magnetization data
showed a slight metamagnetic transition that does not appear
in the one measured here (vide infra). These differences may

Figure 6. Magnetic susceptibility data for Eu2Yb2.65Mg9.35Si7,
Eu6 . 5 0Yb1 . 5 0Mg1 5 . 5 6Zn0 . 4 4Si1 2, Eu6 . 7 2Yb1 . 2 8Mg1 5 . 5 6Zn0 . 4 4Si1 2,
Eu7.46Yb0.54Mg15.56Zn0.44Si12 and Eu8Mg15.71Zn0.29Si12 for both parallel
(right) and perpendicular (left) orientations of the c-axis to the
applied field of B = 500 Oe.
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be due to different synthetic methods and possible Zn doping
on a Mg site in the compound studied here. The Mg/Zn mixed
site is directly adjacent to the Eu1 site (see Figure 4b).
Disorder on this site may serve to change the orientation of the
magnetic moment and/or the nature of coupling to adjacent
europium moments. Similar effects of disorder on nonmagnetic
sites have been reported in systems such as Er2Cu0.92Si2.76 and
Sm3Ru4Sn13−xGex.

30,31

The field-dependent magnetization data in the two different
orientations (Figure 7) highlights the anisotropic behavior of
these Eu−Yb−Mg−Si compounds. Magnetic saturation is
reached at lower field for samples oriented with B//c-axis
(5000 Oe) compared to when the same compounds are
oriented with the field perpendicular to the c-axis (over 10000
Oe), indicating the c-axis is the easy axis. The saturation values
scale with the amount of Eu in the compounds as expected.
The Eu-rich end member, Eu8Mg15.71Zn0.29Si12, reaches ∼60 μB
per formula unit at 10 kOe, close to the theoretical saturation
moment expected for eight Eu2+ ions (7.94 μB/Eu2+). Closer
inspection at low field behavior (Figure 7, right) shows
hysteresis is occurring, in agreement with the FC/ZFC
splitting observed in Figure 6. The finite coercive fields and
remanent magnetization are characteristic of ferromagnetic
ordering. The coercive field HC is larger for more Yb-rich
analogs in the Eu5(Eu/Yb)3Mg16Si12 series, which may indicate
Yb/Eu mixing on the 3f site serves to hinder domain wall
motion.
Thermoelectric Properties

The temperature-dependent electrical resistivity (ρ) data for
E u 2 Y b 2 . 6 5 M g 9 . 3 5 S i 7 , E u 6 . 5 0 Y b 1 . 5 0 M g 1 5 . 7 1 Z n 0 . 4 4 S i 1 2 ,
Eu6.72Yb1.28Mg15.71Zn0.44Si12, and Eu8Mg15.71Zn0.29Si12 are
shown in Figure 8. The Zr2Fe12P7-type line compound
Eu2Yb2.65Mg9.35Si7 shows the highest resistivity across the full
temperature range, starting above 5 mΩ·cm at low temper-
atures and gradually decreasing to around 2 mΩ·cm at 400 K.
Compared to isostructural Ba1.9Ca2.4Mg9.7Si7 (0.5 to 0.8 mΩ·
cm) at the same temperature range, Eu2Yb2.65Mg9.35Si7 is an
order of magnitude higher.17 The negative slope is character-
istic of semiconducting-like behavior, indicating thermally
activated carrier transport. This agrees with the density of

states calculation showing a deep pseudogap at EF (Figure 5),
which leads to the semiconducting behavior of this analogue.

In contrast, the Ho5Ni19P12-type series of compounds exhibit
much lower resistivities, typically below 0.7 mΩ·cm, with a
weakly positive temperature dependence at higher temper-
atures. Very similar behavior was seen for isostructural
Sr7.85Mg16.15Si12.4 This metallic or degenerate semiconducting
behavior suggests that their transport is dominated by carrier
s c a t t e r i n g r a t h e r t h a n c a r r i e r a c t i v a t i o n .
Eu6.50Yb1.50Mg15.71Zn0.44Si12 and Eu6.72Yb1.28Mg15.71Zn0.44Si12
show very similar ρ−T curves, while Eu8Mg15.71Zn0.29Si12
displays a slightly higher resistivity at low temperatures but
converges with the others by ∼400 K. The low temperature
cusp in the resistivity for Eu8Mg15.71Zn0.29Si12 corresponds to
scattering of carriers as the magnetic ordering transition
occurs; similar behavior was observed by Nukamura in their
study of this compound.24 The similarity in the resistivity
behavior for the three Eu5(EuxYb1−x)3Mg16Si12 compounds
suggests that electronic transport is occurring in silicon states
and is not affected by the variation in cation mixing, which is in
line with the desired “Phonon Glass-Electron Crystal” behavior
for thermoelectric materials.32,33

The temperature dependences of the Seebeck coefficient (S)
for Eu2Yb2 . 6 5Mg9 . 3 5Si7, Eu6 . 5 0Yb1 . 5 0Mg1 5 . 7 1Zn0 . 4 4Si1 2,
Eu6.72Yb1.28Mg15.71Zn0.44Si12, and Eu8Mg15.71Zn0.29Si12 are
shown in Figure 8. Eu2Yb2.65Mg9.35Si7 displays a pronounced

Figure 7. Field-dependent magnetization data for Eu−Yb−Mg−Si compounds with applied field parallel to the c-axis ((a) and (b), top) and
perpendicular to the c-axis ((c) and (d), bottom). Data collected at 1.8 K.

Figure 8. Temperature dependent electrical resistivity ρ (left), and
Seebeck coefficient S (r ight) , for Eu 2 Yb 2 . 6 5 Mg 9 . 3 5 Si 7 ,
Eu6.50Yb1.50Mg15.71Zn0.44Si12, Eu6.72Yb1.28Mg15.71Zn0.44Si12, and
Eu8Mg15.71Zn0.29Si12.
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maximum of ∼85 μV/K at ∼200 K, followed by a rapid
decrease and eventual sign reversal above ∼350 K, indicating a
transition from p-type to n-type conduction. This non-
monotonic behavior is characteristic of bipolar conduction,
where thermally activated minority carriers reduce the net
thermopower at high temperatures. In contrast, the Eu5(Eu/
Yb)3Mg16Si12 compounds exhibit increases in S with temper-
ature, remaining positive across the entire measured range
suggesting stable p-type conduction.

The electronic thermal conductivity depends on the
resistivity, calculated from ρ using Wiedemann−Franz law
(κ/σ = LT), with the metallic Eu6.50Yb1.50Mg15.71Zn0.44Si12,
Eu6.72Yb1.28Mg15.71Zn0.44Si12, and Eu8Mg15.71Zn0.29Si12 showing
high κE and the semiconducting Eu2Yb2.65Mg9.35Si7 having a
much lower value (Figure 9). The lattice thermal conductivity

clearly shows the impact of increasing disorder. The semi-
c o n d u c t i n g E u 2 Y b 2 . 6 5 M g 9 . 3 5 S i 7 a n d e n d m e m b e r
Eu8Mg15.71Zn0.29Si12 have the highest κL. This is attributed to
the smaller unit cell of Eu2Yb2.65Mg9.35Si7 and the lack of large
cation (Yb) site mixing within the structure of
Eu8Mg15.71Zn0.29Si12. The more complex structure and Eu/Yb
mixed s i tes in Eu 6 . 5 0 Yb 1 . 5 0 Mg 1 5 . 7 1 Zn 0 . 4 4 S i 1 2 and
Eu6.72Yb1.28Mg15.71Zn0.44Si12 lead to lower κL. Mixing of zinc
on the 1a magnesium site may also lower the thermal
conductivity, but mixing on this site is consistent across the
Eu5(Eu/Yb)3Mg16Si12 series.

Figure 10 illustrates the dimensionless figure of merit, zT,
calculated from the S, ρ, and κ data for all four samples. The
highest zT value is observed for Eu6.72Yb1.28Mg15.71Zn0.44Si12,
with a value of 0.14 at 400 K. This is slightly higher than the
values seen for isostructural Ba3.68Sr4.07Mg16.24Si12 and
Sr7.85Mg16.15Si12 (zT = 0.08 and 0.11, respectively).4 The

complex structure, incorporation of heavy elements, and Eu/
Yb site mixing in Eu6.72Yb1.28Mg15.71Zn0.44Si12 leads to the best
balance of enhanced phonon scattering and electrical
conductivity. The zT values for the Eu5(Eu/Yb)3Mg16Si12
series are below the desirable range (zT > 1); however, it is
notable that the values are trending up with temperature
(Figure 10) and likely to approach or exceed 1 at higher
temperatures. This will be investigated in future experiments.

■ CONCLUSION
Reactions of silicon with a mixture of europium and ytterbium
in magnesium-based flux have yielded large crystals of Zintl
phases with two complex hexagonal structure types. While
both structure types exhibit cation mixing on one site, it is
notable that the Zr2Fe12P7 type product Eu2Yb2.65Mg9.35Si7
appears to be a line compound due to electronic stabilization.
This compound is also a semiconductor. In contrast, the
Hf2Co4P3-type Eu5(Eu/Yb)3Mg16Si12 materials show solid
s o l u t i o n b e h a v i o r a n d a r e m e t a l l i c . T h e
Eu6.72Yb1.28Mg15.71Zn0.44Si12 analog exhibits the most promis-
ing thermoelectric behavior and measurements at high
temperature are in progress. This work further demonstrates
the flexibility of this structure type to incorporate divalent
cations A = Ca, Sr, Ba, Eu, and Yb and the ability to tailor site
mixing of these ions. Further work on (A/A’)5+xMg19−xSi12
analogs will explore additional substitutions on the cation sites
as well as on the silicon sites to optimize thermoelectric
properties. Exploration of the Zn incorporation is also in
progress; preliminary reactions using pure Mg as a flux are
hindered by its higher melting point and viscosity compared to
Mg/Zn or Mg/Al mixed fluxes.
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