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A series of magnesium-substituted rare-earth metal germanides with a general formula RE5— ,Mg,Ge,4 (x ~ 1.0—2.3;
RE = Gd—Tm, Lu, Y) have been synthesized by high-temperature reactions and structurally characterized by single-
crystal X-ray diffraction. These compounds crystallize with the common GdsSi, type structure in the orthorhombic
space group Pnma (No. 62; Z = 4; Pearson’s code 0P36) and do not appear to undergo temperature-induced
crystallographic phase transitions down to 120 K. Replacing rare-earth metal atoms with Mg, up to nearly 45% at.,
reduces the valence electron count and is clearly expressed in the subtle changes of the Ge—Ge and metal—metal
bonding. Magnetization measurements as a function of the temperature and the applied field reveal complex magnetic
structures at cryogenic temperatures and Curie—Weiss paramagnetic behavior at higher temperatures. The observed
local moment magnetism is consistent with RE®* ground states in all cases. In the magnetically ordered phases, the
magnetization cannot reach saturation in fields up to 50 kOe. The structural trends across the series and the variations
of the magnetic properties as a function of the Mg content are also discussed.

Introduction

The rare-earth metal (RE) silicides and germanides crystal-
lizing with the orthorhombic GdsSi4, PusRhy, and SmsGey
types (Pnma, Pearson’s code oP36), as well as the closely
related tetragonal ZrsSiy type (P412,2, Pearson’s code 1P36),
monoclinic GdsSi,Ge, (P2;/c, Pearson’s code mP36), and
U,MosSiy types (P2;/c, Pearson’s code mP18), have been
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extensively studied in the last 10 years.'”'® The interest in
these materials was instigated by the discovery in 1997 of a
giant magnetocaloric effect in GdsSi,Ge,, associated with the
interplay between characteristic crystallographic distortions
and a spontaneous magnetic order." Ever since then, there
have been numerous studies confirming that the magnetic
order in GdsSi>Ge, is coupled with a reversible, first-order
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phase transition, which can be controlled by temperature,
pressure, magnetic field, and composition.” Subsequently,
other interesting phenomena, such as a giant magnetoresis-
tance and a colossal magnetostriction have also been found
within the realm of the rare-earth metal—tetrel element
systems.”®

What makes the structures in question even more attrac-
tive, from both a fundamental and a practical perspective, is
the fact that they are amenable to substitutions by many
different elements. For example, related compounds
can be made by replacements of both the tetrel element
and the rare-earth metal, as evidenced by very recent experi-
mental and theoretical work on RE5(SixGel_x)4,378
Gds(Ga,Ge,_), with 0 < x < 0.55° REs_.CaGe,
with x ~ 3.0-3.5 (RE = La, Ce),'° Ybs_.Mg,Gey
(x ~ 1.0—1.2),"" (Gds_,Y,)Sis,'* and Gds(Si;_P,)s with
0 < x < 0.5." These reports emphasize that both the structure
and the properties are intimately affected by small changes in
the valence electron concentrations, as well as the cation—
anion, cation—cation interactions, and/or the packing
efficiency. They also provide evidence that the bonding
arrangements in the compounds under consideration can
be continuously varied from the formally electron-rich to the
electron-deficient region.'* Such phenomenology creates
many possibilities for rational modifications of the crystal
structures and tuning of the magnetic and electronic proper-
ties through systematic cation/anion substitutions, ideas that
have already been exploited in the cases of Gds(Si Sn|_)s, "
GdSSig,S_xGexSnoj, 6 or REIS_XREHXSM (RE’ and RE"’
denote different metals).!”'8

Our continued interest in the structure—property relation-
ships in various rare-earth metal germanides was steered
toward the remarkable properties of the materials with the
above-named types after the mixed-valent Ybs_ Mg, Gey
compound (x ~ 1.0—1.2) with the GdsSi4 ty}lae structure
was synthesized and structurally characterized.!! Although
formally a solid-solution, the structure of Ybs_ Mg Ge,
exhibits coloring of the cation sites, that is, Mg—YDb sub-
stitutions take place on specific crystallographic positions.
This finding captured our attention as it could potentially
offer the control sought after in designed syntheses and could
provide a viable tool for the purposeful tuning of physical
properties. Hence, we set out to investigate the crystal
chemistry and magnetic properties of the other substitution
derivatives of the rare-earth metal germanides with the same
structure. Through these efforts, we synthesized a series of
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new solid solutions REs5_ Mg, Ge,, which exist for limited
homogeneity ranges (x ~ 1.0—2.3) and form with the mid-to-
late rare-earth metals (RE = Gd—Tm, Lu), as well as Y.
Their structures were determined by single-crystal X-ray
diffraction and are at the focus of this article. Temperature
and field dependent direct current (dc) magnetic susceptibility
measurements are also discussed, revealing complex mag-
netic structures at low temperatures.

Experimental Section

Synthesis. The synthetic efforts were modeled after the
previously described Las_,Ca,Ge, (x ~ 3.0—3.5),'° and
Ybs_ Mg . Ge,y (x~1.0— 1.2).1TA variety of reaction conditions
were investigated and are described in detail in the Supporting
Information section. Here, we only call attention to the fact that
because of the high vapor pressure of Mg metal (bp 1363 K),'*
reactions in open crucibles (heated under vacuum or under inert
gas flow) were not deemed appropriate. For the same reason,
arc-melting of the pure elements was also never attempted.
Instead, all high temperature experiments were carried out in
sealed Nb-tubes, and they were cautiously designed and mon-
itored as a safety precaution.?

The high melting points of the rare-earth metals and the
corresponding REsGe, binary phases,?! together with the low
boiling point of Mg proved a challenging synthetic problem. It
imposed limits on the accessible temperatures, thus, precluding
the high-yield synthesis of a wider range of RE5_ . Mg.Ge4 (RE
= Gd—Tm, Lu, and Y) phases. We also point out that other
studies involving the rare-earth metals and Mg, particularly in
the cases of the closely related RE>MgGe,,** have also come
across a similar problem. To circumvent it, a synthetic route
using Mg,>Ge as a precursor 2> or quick induction melting at
very high temperatures >*° have been suggested as alternatives.
While these approaches may have been successfully applied
toward the synthesis of the latter compounds, the results from
our investigations suggest that the REsGes, REGe, and Mg,Ge
binaries, > as well as the RE,MgGe, ternary phases,22 are the
most recurring side-products. This likely indicates that under
the given experimental conditions, the REs_ Mg, Gey (RE =
Gd—Tm, Lu, and Y) phases are unstable with respect to the
neighboring simpler compounds in the corresponding phase
diagrams.

Powder X-ray Diffraction. X-ray powder diffraction pat-
terns were taken at room temperature using a Rigaku Miniflex
powder diffractometer (Cu Ko radiation, 26 range from 10 to
80° with a step size of 0.05 and 5 s/step counting time). The
collected powder patterns were primarily used for phase identi-
fication of the reaction products. Such analyses were carried out
using the JADE 6.5 software package. According to the powder
X-ray diffraction data, polycrystalline samples from all
REs_ Mg, Gey (RE = Gd—Tm, Lu, and Y) phases are stable
in air for months.
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Table 1. Selected Crystallographic Data for a Series of Hos— Mg, Gey Samples (1.23 < x < 2.08)

empirical formula HOz_gz(l)Mgz_()xGe4 H03_05(1)Mg1_95Ge4

H03.2()(1)Mg1.8()Ge4

H03.29(1)Mg1.71Ge4 H03.62(1)Mg1.38Ge4 H03.77(1)Mgl.23Ge4

formula weight 822.17 840.80 861.54
space group

A, A

T,K

a, A 6.9989(12) 7.0084(7) 7.0260(13)
b, A 14.265(2) 14.2769(14) 14.315(3)
o, A 7.6438(13) 7.6482(7) 7.6609(14)
VA3, Z =4 763.1(2) 765.27(13) 770.5(2)
cla 1.092 1.091 1.090
Pealeds g €M > 7.156 7.298 7.427

u (Mo Ka),em™"  454.7 466.9 478.5

R, [I > 20(D] ¢ 0.0168 0.0199 0.0337
wR, [ > 20(D)]“  0.0375 0.0398 0.0632

R, [all data] ¢ 0.0187 0.0220 0.0552
wR; [all data] ¢ 0.0383 0.0404 0.0690

874.20 920.25 942.40
Pnma (No. 62)
0.71073
120
7.033(4) 7.0710(11) 7.0845(13)
14.337(9) 14.419(2) 14.445(3)
7.661(5) 7.6627(12) 7.6677(14)
772.5(8) 781.2(2) 784.7(2)
1.089 1.084 1.082
7.517 7.824 7.977
486.3 513.2 526.5
0.0213 0.0327 0.0319
0.0468 0.0532 0.0586
0.0263 0.0457 0.0468
0.0486 0.0576 0.0621

TRy = S||F| = |Fll/SoNFsl: WRs = [Sw(Fy? — FASSw(F2?'?, where w = 1/[0°F,> + (4-P)? + B-P], P = (F,> + 2F.%)/3; A and B are weight
coefficients. For additional information, please see the CIF file in the Supporting Information.

Table 2. Selected Crystallographic Data for REs_ Mg,Ge, (RE = Gd, Tb, Dy, Er, Tm, Lu, and Y)

Gd3.55(|) Tb3.52(1) D)/3.50(1) Er3.41u) Tm}.sm) Lus.0(1) Y3401
empirical formula Mg).45Gey Mg, 45Geq Mg .50Geq Mg, .590Ges Mg,.49Ges Mg, .40Geq Mg, .51Gey
formula weight 883.51 886.07 895.23 899.37 919.89 954.29 637.53
space group Pnma (No. 62)

A A 0.71073

T.K 120

a, A 7.15749) 7.128(5) 7.0845(14) 7.0214(5) 7.0128(9) 6.9750(8) 7.085(2)
b, A 14.623(2) 14.512(11) 14.425(3) 14.3063(10) 14.270(2) 14.224(2) 14.465(4)
oA 7.7801(9) 7.732(6) 7.687(2) 7.6350(5) 7.5998(9) 7.5619(9) 7.718(2)
VA Z =4 814.3(2) 799.8(10) 785.6(3) 766.94(9) 760.5(2) 750.2(2) 791.1(4)
cla 1.087 1.085 1.085 1.087 1.084 1.084 1.087
Peatcd> € €M > 7.207 7.358 7.569 7.789 8.034 8.449 5.266

# (Mo Ka), cm™' 430.3 455.4 479.2 5235 561.2 626.9 391.6
Ry [I > 20(1)]“ 0.0323 0.0293 0.0366 0.0215 0.0282 0.0249 0.0172
wR, [I > 20()] 0.0658 0.0614 0.0582 0.0445 0.0526 0.0492 0.0387
R [all data] “ 0.0476 0.0368 0.0593 0.0272 0.0313 0.0339 0.0194
WR; [all data] 0.0697 0.0648 0.0661 0.0460 0.0553 0.0517 0.0395

TRy = S||F| = |Fll/SoNFsl: WRy = [Sow(Fy? — FAYSSw(F2?'?, where w = 1/[0°F,> + (4-P)? + B-P], P = (F,> + 2F.%)/3; A and B are weight
coefficients. For additional information, please see the CIF file in the Supporting Information.

For the samples for which magnetization measurements were
completed, the purity of the material was ensured by qualitative
peak-profile fits of the powder patterns. These were done
employing the GSAS code (taking the atomic coordinates,
occupancies, and temperature factors from the single-crystal
refinements). A representative plot showing the calculated and
the observed intensities, together with the difference curve is
provided as Supporting Information.

Single Crystal X-ray Diffraction. Data collections were
carried out on a Bruker SMART CCD diffractometer with a
3-circle goniometer. Full spheres of single-crystal diffraction data
were gathered for a multitude of crystals (approximately 30)
from different reactions. In all cases, crystals were chosen under
a microscope, cut to suitable dimensions for data collection
(ca. 50 um), and mounted on glass fibers with Paratone-N oil.
All data acquisitions were done in four batches with a scan width
0f 0.4° in w and 10—15 s exposure time per frame. The SMART
software was used to manage the data collections, examine the
crystal quality, and obtain the orientation matrices (based on
several hundred indexed reflections from all frames). Data
reduction and integration and global cell constants refinements
were done using SAINTplus. Semiempirical absorption correc-
tion based on equivalent reflections was applied with the aid of
SADABS. The subsequent processing of the data was straight-
forward—the reflection conditions and the intensity statistics
clearly suggested the space group Pnma (No. 62), which together
with the similarities of the cell parameters with those of the

known REsGey compounds,24 provided for the quick “structure
solutions”. Hence, for the initial refinements, the known atomic
coordinates and labeling scheme were used. Following that, the
structures were successfully refined to convergence with the aid
of SHELXL (see Results and Discussion for specific details
pertaining to the RE/Mg site preferences and subtle differences
in the structures of REsGe4 and REs_— Mg, Gey).

Because of the very large number of refined structures and the
difficulty of representing the data associated with all of them, we
have chosen to focus the attention on the Hos— Mg, Ge4 (1.23 <
x < 2.08) samples. These were selected as representative cases for
the following reasons: (i) Ho is nearly in the middle of the
studied series of rare earth metals and (ii) the six Hos— Mg, Gey
(1.23 < x = 2.08) specimens describe a wide homogeneity range,
likely close to its entirety. Important data collection and struc-
ture refinements parameters for all Hos— Mg, Gey crystals are
given in Table 1. Table 2 lists relevant crystallographic data for
seven REs_ Mg, Geyanalogues (RE = Gd, Tb, Dy, Er, Tm, Lu,
and Y). Further structural information for the remaining
RE5_ Mg, Gey, as well as for the binary HosGe, (for consis-
tency, also refined from single-crystal data at the same tempera-
ture) is provided as Supporting Information. The crystallo-
graphic information files (CIF) from all data collections are
also furnished in the Supporting Information section. They

(24) Smith, G. S.; Tharp, A. G.; Johnson, Q. Acta Crystallogr. 1967, 22,
940.
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Figure 1. (a) Off [100]-view of the crystal structure of the RE5s_ Mg, Ges (RE = Gd—Tm, Lu and Y) compounds emphasizing the Ge, dimers and the
packing of the rare-earth metal polyhedra. The unit cell is outlined. The slabs in light-blue also represent the Ho,MgGe,-like fragments (Mo,FeB, type) and
the slabs in yellow represent HoGe-like fragment (FeB type), respectively, allowing the structure to be rationalized as their intergrowth. (b) Close-up views of

the two layers, viewed approximately down the h-axis.

have been deposited with Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247—
808—666; e-mail: crysdata@fiz.karlsruhe.de) with depository
numbers: CSD-420265 (H02_92(1)Mg2<08Ge4), CSD-420266
(Hos 05(yMg) 95Gey), CSD-420267 (Hos 501)Mg; 50Ges), CSD-
420269 (HO3‘29(1)Mg1‘71G€4), CSD-420268 (HO3‘62(1)-
Mg1_3gGe4), CSD-420270 (H03_77(1)Mg1_23Ge4), CSD-420271
(Gd3.551)Mg1.45Ges), CSD-420272 (Tbs 551)Mg;.48Ges), CSD-
420273 (Dy3.s0(yMg1.50Geq), CSD-420274 (Er; 411)Mg1 50Gea),
CSD-420277 (Tm3‘51(1)Mg1.4gGe4), CSD-420275 (Lu3‘60(1)-
Mg1>40G€4), CSD-420278 (Y3_49(1)Mg1_5|Ge4), CSD-420276
(HosGey).

Magnetization Measurements. Field cooled (FC) and zero
field cooled (ZFC) dc magnetization (M) measurements were
completed using a Quantum Design MPMS SQUID magnet-
ometer in the temperature range 5—300 K and in an applied field
(H) of 100 Oe. The samples were secured in a custom-designed
low background holder; the raw magnetization data were
corrected for the holder contribution and converted to molar
SuSCCptlblllty OCm = M/H) For one of them, HO3'05(|)Mg|'95-
Gey, a phase-pure sample with a very close match between a
nominal and refined composition, field dependent measure-
ments at low temperatures and in applied fields up to 50 kOe
were also completed.

Results and Discussion

Structure and Bonding. Structure Description. The
metal-rich REs_ Mg, Ge4 compounds (x &~ 1.0—2.3; RE
= Gd—Tm, Lu, Y), as their formula suggests, are sub-
stitution derivatives of the REsGe, binary phases (6 cry-
stallographically unique atoms in the asymmetric unit,
Pearson’s code 0P36).>>~% Their structure (Figure 1) can
be described as being built from two separate fragments
of the rare-earth metals (disregarding the RE/Mg mix-
ing): slabs of condensed trigonal prisms (light blue) and

(25) Iglesias, J. E.; Steinfink, H. J. Less-Common Met. 1972, 26, 45.

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters
(ch)“ for H03.05(1)Mg1.95Ge4

atom site X y z Ueq (A?)
Mg de 03412(5)  1/4 0.0116(4)  0.0090(7)
ML® 84 0.1700(1)  0.1263(1)  03220(1)  0.0050(2)
M2¢  8d  0.0066(1)  0.0949(1)  08169(1)  0.0055(2)
Gel  4¢  09728(1)  1/4 0.0971(1)  0.0073(2)
Ge2  4c 02130(1)  1/4 0.6380(1)  0.0047(2)
Ge3 84 0.1687(1)  09631(1)  0.5341(1)  0.0054(2)

a

Ueq is defined as one-third of the trace of the orthogonalized U;
tensor. " Refined as a statistical mixture of Ho and Mg in a ratio
52.6:47.4. “ Refined as 100% Ho.

slabs of trigonal prisms fused within parallelepipeds
(yellow). All prisms are centered by Ge atoms, while all
“cubes” are centered by Mg atoms. Both slabs run paral-
lel to the ac-plane and are stacked in an alternating
ABA’B" manner along the direction of the b crystallo-
graphic axis. Alternatively, using the ideas discussed
for YbsMgGe,,'" the structure can also be rationalized
as an intergrowth of RE;MgGe, (Mo,FeB, type %) and
REGe (FeB type ») fragments, a formalism that can be
extended in this case as well. In this view, the Mg atom
occupying the Wyckoff site 4c¢ (Table 3) can be considered
as centering a distorted octahedron of Ge atoms, which is
inscribed within a cube of rare-earth metal atoms. Similar
“coloring” of the metal sites has also been established for
the Y-substituted Gds_,Y Sis."?

Since many recent reports have already discussed the
structures,' ' herein we only provide a brief account.
The discussion is focused on the variations of the metrics
of the structures as a function of the Mg-content and the
observed cation site preferences. These considerations
are illustrated in the next paragraphs on the example of
Hos 05()Mg;.95sGey (for brevity, HosMg,Ge, hereafter).
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Table 4. Important Bond Distances (A) in Hos g5, Mgy.0sGes

atom pair distance (A) atom pair distance (A)

Gel— Ge2 2.563(1) Mg— M1 (x2) 3.241(2)
Mg 2.710(3) M1 (x2) 3.327(2)
M1 (x2)  2.8188(8) M2 (x2) 3.420(2)
M1 (x2)  2.8220(8) M2 (x2) 3.481(2)
M2 (x2)  3.0955(7) M1— M1 3.533(1)
Gel 3.279(3) M2 3.5550(7)

Ge2—  Gel 2.563(1) M2 3.6600(6)
Mg 2.780(3) M1 (x2) 3.6729(4)
Mg 2.834(3) M2 3.8876(7)
M2 2.9741(6) M2 3.9804(7)
M1 3.0073(8) M2 4.0532(7)
Ho2 (x2) 3.0351(7) M2— M1 3.5550(7)

Ge3—  Ge3 2.640(1) M2 (x2) 3.6507(4)
M1 2.7790(8) M1 3.6600(6)
M1 2.8382(8) M1 3.8876(7)
Ml 2.9069(8) M?2 3.8988(7)
M2 2.9381(7) M1 3.9804(7)
Mg 3.0580(8) M1 4.0532(7)
M2 3.0631(7)
M?2 3.0838(7)

The refined atomic coordinates, equivalent isotropic dis-
placement parameters, and selected interatomic distances
for HosMg,Gey are provided in Tables 3 and 4, respec-
tively. Details concerning the remaining Ho-members
and all other rare-carth metal analogues can be found in
the Supporting Information.

Unit Cell Parameters. Formally, HogMnge4 crystal-
lizes with the GdsSi, type structure,”” which is a notable
difference with the “parent” H05Ge4 the latter is as-
signed to the SmsGey structure.”*** Although both have
the same space group and very similar atomic coordi-
nates, an important difference in their bonding character-
istics needs to be specifically pointed out. Put simply, the
two structures have different fractions of the Ge atoms
that form Ge—Ge bonds, all in the GdsSiy4 structure and
half in the SmsGe, structure.'* A widely used indicator
for differentiating between the two is the ¢/a ratio,” which
typically is on the order or greater than 1.05 for the former
and close to 1.00 for the latter.”® Along these lines, the
unusual, more than 6% difference between the a-axis of
HosGey (a = 7.567(3) A)*" and the a-axis of HosMg,Ge,
(a = 7.0084(7) A) must be noted. For comparison, the
b-axis changes from 14.562(7) A for HosGey4 to 14.2769
(14) A for Ho_«lMnge4, respectively. Such contraction in
directions of ¢ and b is accompanied by a small elonga-
tion of the c-axis, from 7. 638(4) Ato7. 6482(7) A. The net
effect is that the ¢/a ratio increases sharply from 1.009 for
HosGey to ¢/a = 1.091 for HosMg»Gey, indicative of the
transformation from the SmsGey to the GdsSiy type
structure. Similar effect is also noted for the remaining
REs_ Mg, Gey (RE = Gd, Tb, Dy, Er, Tm, Lu and Y)
phases (see Table 2).

The increased Mg content correlates well with the
monotonic decrease in the lattice parameters, as shown
in Table 1 (owing to the slightly smaller size of Mg” "

(26) The c/a ratio can also be used to evaluate structural trends, particu-
larly changes in the number of Ge—Ge bonds upon heating/cooling or the
application of external field. Large variations indicate that there is “making
and/or breaking® of Ge—Ge bonds, as seen in Gds(Si,Ge; )4 for example.’

(27) For greatest accuracy, we compare the cell parameters for
HosMg,Ge, and HosGey, both obtained from our own single-crystal X-
ray diffraction work at 120 K (Supporting Information, Tables S1, S2, and
S3).
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(0.86 A) compared to that of Ho® " (1.04 A).zg However,
the unit cell contraction is not isotropic—with increasing
the amount of Ho being substituted by Mg, the ¢- and a-
axes contract by as little as 0.4% and 1.1%, respectively,
while the h-axis gets smaller by nearly 1.4%. Regardless
of that, the ¢/a ratio remains nearly constant: ¢/a increases
slightly from 1.082 for Hos 77(1)Mg) 23Ge4 to ¢/a = 1.092
for Hos 92(1)Mg2 0sGes. The same dependence is seen for
all other synthesized samples. Among them, Dy, 74
Mgs5Gey is Mg-richest and has c/a ratio of 1.094
and Ery4 9s55)Mgo 95Ge4, which is Mg-leanest, has c/a ratio
of 1.070. This indicates that no crystallographic transi-
tions occur as almost 45% at. of the rare-earth metal is
replaced with Mg.

Ge—Ge Distances. All Ge atoms in the HozsMg,Gey
structure are dimerized (formally [Ge,]®~, isoelectronic
with the Br, molecule). The importance of the Ge—Ge
bonds to the properties had been discussed at length in
earlier publications,” > we just recall a distinction be-
tween the two kinds of Ge dimers: the ones within the
HoGe fragment are formed by two symmetry-related Ge
atoms, (Ge3, Table 3), while the ones within the imagin-
ary Ho,MgGe, slab are formed between the atoms
labeled as Gel and Ge2, respectively. As can be seen
from the distances presented in Table 4, the Gel—Ge2
dimers are shorter than the Ge3—Ge3 ones, 2.563(1) A
versus 2.640(1) A. Both values are well within the range
for Ge—Ge distances reported for many other binary and
ternary rare-earth metal germanides,”*’ > as well as
the isostructural REs_,Ca,Ge, (RE = La, Ce),'” and
REs_ Mg, Geyanalogues (RE = Gd, Tb, Dy, Er, Tm, Lu
and Y). For the latter, the Gel —Ge2 distances measure
2.52-2.58 A across the series, whereas the Ge3—Ge3
distances are on the order of 2.64—2.70 A (Supporting
Information, Tables S4—S13). For comparison, the
Gel—Ge2 dimers in HosGe,4 are much longer, measuring
2.707(3) A, while the Ge3—Ge3 contacts are about 3.59 A
long (Supporting Information, Table S3). These varia-
tions of the Ge—Ge distances, as alluded to already,
correlate with the Mg content and the overall electron
count and are elaborated on next.

(28) Shannon, R. D. Acta Crystallogr. 1976, A 32, 751.

(29) (a) Schobinger-Papamantellos, P. J. Chem. Phys. Solids 1978, 39,
197. (b) Schobinger-Papamantellos, P.; Niggli, A. J. Phys. ( Paris) 1979, 40,
1

56.

(30) Salamakha, P. S.; Sologub, O. L.; Bodak, O. I. Ternary Rare-Earth-
Germanium Systems. In Handbook on the Physics and Chemistry of Rare
Earths; Gschneidner, K. A., Jr., Eyring, L., Eds.; North Holland: Amster-
dam, 1999; Vol. 27, p 1.

(31) (a) Tobash, P. H.; Lins, D.; Bobev, S.; Lima, A.; Hundley, M. F.;
Thompson, J. D.; Sarrao, J. L. Chem. Mater. 2005, 17, 5567. (b) Tobash, P.
H.; Lins, D.; Bobev, S.; Hur, N.; Thompson, J. D.; Sarrao, J. L. Inorg. Chem.
2006, 45, 7286. (c) Bobev, S.; Bauer, E. D.; Thompson, J. D.; Sarrao, J. L.;
Miller, G.J.; Eck, B.; Dronskowski, R. J. Solid State Chem. 2004, 177, 3545.
(d) Tobash, P. H.; Meyers, J. J.; DiFilippo, G.; Bobev, S.; Ronning, F.;
Thompson, J. D.; Sarrao, J. L. Chem. Mater. 2008, 20, 2151. (e) Tobash, P.
H.; Bobev, S. J. Solid State Chem. 2007, 180, 1575. (f) Bobev, S.; Bauer, E. D.
Acta Crystallogr. 2005, E61,173. (g) Tobash, P. H.; DiFilippo, G.; Bobev, S.;
Hur, N.; Thompson, J. D.; Sarrao, J. L. Inorg. Chem. 2007, 46, 8690.

(32) (a) Mao, J.-G.; Goodey, J.; Guloy, A. M. Inorg. Chem. 2002, 41, 931.
(b) Péttgen, R.; Simon, A. Z. Anorg. Allg. Chem. 1996, 622, 779. (c) Guloy,
A.; Corbett, J. D. J. Solid State Chem. 2005, 178, 1112. (d) Schobinger-
Papamantellos, P.; Buschow, K. H. J. J. Less-Common Met. 1989, 146, 279.
(e) Salvador, J. R.; Bile, D.; Mahanti, S. D.; Hogan, T.; Guo, F.; Kanatzidis,
M. G. J. Am. Chem. Soc. 2004, 126, 4474. (f) Johrendt, D.; Mewis, A.;
Drescher, K.; Wasser, S.; Michels, G. Z. Anorg. Allg. Chem. 1996, 622, 589.
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Figure 2. (a) Variations of the Ge—Ge distances in the two different Ge,
dimers in the structure of the Hos— Mg, Ge, (1.23 < x < 2.08) compounds
as a function of the Mg content. (b) Side-by-side comparison of the
dependence of the Ge3—Ge3 distances and the ¢/a ratio in the structure of
HosGe4 and the Mg-substituted variants Hos— Mg, Ge, (1.23 < x < 2.08)
as a function of the valence electron concentration (per formula unit).
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The subtle dependence of the two types of Ge—Ge
distances in the series Hos— Mg, Ge, (1.23 < x < 2.08) as
a function of “x” is plotted in Figure 2a. From the graph,
it is evident that a gradual decrease in the Ge3—Ge3
separation (ca. 1.5%), that is, strengthening of the bond is
concomitant to the Mg content being increased. A reverse
dependence is seen for the Gel —Ge2 bonds: they are only
slightly (ca.0.3%) elongated, that is, somewhat weakened
when “x” increases. Another way to look at this trend is
111ustrated in Figure 2b, where the Ge3—Ge3 distances
and the c¢/a ratios are plotted as a function of the valence
electron concentration per formula unit (VEC). The plot
clearly shows that the Ge-atoms come closer together
when the VEC decreases, that is, they are being oxidized,
and vice versa—they are further apart when being reduc-
ed, that is, the VEC increases. Although the contribution
of the crystal packing cannot be disregarded, the above
dependence is arguably indicative of an electronic effect
at play. The total number of valence electrons decreases
as the trivalent Ho is substituted by the nominally diva-
lent Mg, thereby leading to an electron count that is closer
to the 28 e  per f.u., expected from the Zintl—Klemm
rules.'* Recent computatlonal studies corroborate the
idea that while the structure might be able to accommo-
date slightly higher or lower than optimal number of
valence electrons,'® the decrease of the number of elec-
trons in conduction bands will reinforce Ge3—Ge3 bonds
with little effect on the Gel —Ge2 bonds. Such an unique

Tobash et al.

feature of this structure, makes it a “continuous tunin
knob”, as demonstrated previously for Gds(Si,Gej—, )4,
Gds(Ga,Ge;_,)s,” and now for REs_ Mg, Ge,.

Site Preferences. As was the case for Yb4MgGe4,
single-crystal refinements readily confirmed a “coloring”
of the metal substructure; from the three available cation
sites, the one with Wyckoff index 4¢ is exclusively occu-
pied by Mg (Table 3). Such experimental finding follows
the computational analysis of Misra and Miller,'> which
indicates that the 4c site should be occupied by the metal
with the higher ionization energy: Mg in HosMg,Gey.
This consideration is based on electronic arguments and
is in excellent agreement with the distribution expected
from simple geometric reasoning as well—being more
“tightly” coordinated to neighboring Ge atoms (Table 4),
the 4¢ site should be taken by the smaller cations, Y * and
Mg” ", respectively.

Out of the remaining two 8d sites, the position labeled
M1 was refined as a statistical mixture of the rare-earth
metal and magnesium; the scattering power of the atom
assigned to this site was consistent with about 48% at. Mg
substitution (for HosMg,Gey). The third cation site,
labeled as M2, always refined with the scattering factor
of a fully occupied Ho atom, and its site occupancy never
deviated from full (within 30), suggesting that this crystal-
lographic position is not susceptible to mixing with Mg
(at least not until M1 is fully substituted by Mg). This
point is manifested by comparing the refinements for the
Mg-richest phase Hos 9>(1)Mg5 0sGey, where the M1 site
was refined as a 45.9: 54.1 mixture of Ho and Mg, while
for the most Mg-lean Hos 77(1)Mg; 23Gey, the M1 site was
refined as a 88.6 : 11.4 mixture of Ho and Mg (see the
Supporting Information, Tables S4—S13). In both cases,
the M?2 site is fully occupied by Ho. The refined occu-
pancies for the M1 and M2 sitesin all other REs_ Mg, Gey
phases (RE = Gd—Dy, Er—Tm, Lu, Y) are in the same
range as well (see the Supporting Information, Tables
S14—S27). With that regard, we draw attention to the fact
that because of the great difference in the atomic num-
bers, the scattering factors for Mg and the rare-earth
metals are quite different, which allows for an excellent
“X-ray contrast”. This, combined with the high-quality
data (with data-to-parameter ratio greater than 17)
provides for crystallographic refinements with a very high
statistical significance.

Periodic Trends. On the basis of the conducted numer-
ous syntheses, it seems reasonable to conclude that the
REs_ Mg Gey (RE = Gd—Tm, Lu, and Y) family
extends only over the mid-to-late rare-earth metals. All
attempts to broaden the series to the early rare-earth
metals (RE = La—Nd, Sm) were unsuccessful (see Sup-
porting Information). These findings may seem puzzling,
given that both the end members REsGe4 (RE = La—Nd,
Sm) and the Ca-substituted RE5_,Ca,Ge4 (RE = La, Ce)
variants,'” are known with the same structure. This can be
explained taking into consideration the fact that the ionic
radii of the early lanthanide cations (La**Jr = 1.17 A
Ce* " /r = 1LISA; P r = I3 A; Nd* " /r = 112 A)
and that of Ca®* (Ca“/r = 1.14 A) are matching very
well, while the late lanthanide catlons are smaller (with
radii varying from 1.00 to 1.08 A) Evidently, for this
atomic arrangement, an optimal packing efficiency can-
not be achieved when the large La is substituted with the
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Figure 3. Magnetic susceptibility (y = M/H) vs temperature for the series Hos— Mg, Ge, (1.23 < x < 2.08). Data are normalized per mol-Ho with field
cooled (FC) measurements presented in the main panels and zero field cooled (ZFC) measurements presented in the insets. The corresponding Néel
temperatures (7) from the ZFC plots are marked down. All measurements were completed in applied field of 100 Oe.

much smaller Mg, but can be accomplished when the
more comparable in size Ca is used.'”

Even though fulfillment of the electronic requirements
is not the only factor of importance for the realization of
this structure, the electron counting arguments can also
be used to explain (qualitatively) the propensity of the
REsGey compounds to be “doped” with Mg or Ca. Take
for example the unknown CasGey, which would be for-
mally electron-deficient, and the known LasGey, which is
electron-rich'®'*—forming an intergrowth between the
two would strengthen all interactions in the structure and
should be thermodynamically favored. Depending on the
specific atomic arrangement, that is, whether all Ge
atoms are dimerized or not, the optimal number of
trivalent rare-earth metal atoms to be replaced with
electron poorer Ca or Mg will be 3 per formula unit
(GdsSiy type, all dimers), or 1 per formula unit (SmsGey
type, normal and “broken” dimers).'* These considera-
tions are substantiated by density functional theory
(DFT) calculations by Seo et al.,'” and by the observed
dependence of the Ge3—Ge3 bonds on the VEC, dis-
cussed above. Following the same reasoning, we can also
speculate that the homogeneity range in REs_ Mg, Gey
can possibly be increased higher than the presently
attained 40—45% at. Mg. This conjecture can be inferred
from the above-mentioned formal electron count (one
electron higher than the ideal 28 ¢~ per f.u.'®), as well as
the earlier reports on Ca-substituted REs_ . Ca, Gey (RE
= La, Ce) analogues,'® where x is on the order of 3. The
latter are cases, where evidently, both the electronic and
geometric requirements are satisfied.

Phase Transitions. Variable temperature single-crystal
X-ray diffraction data were collected for crystals of
REs_ Mg . Gey (RE Gd, Tb, Dy, Ho). This was
done to test if spontaneous temperature-induced phase

transitions from one structure type to another exist. The
lack of such transformations above the spontancous
magnetic ordering temperatures is evident even from their
cell parameters, which show a nearly isotropic increase
with volume expansion coefficients S~ 4 x 10 °K ' and
constant c¢/a ratios (Supporting Information, Tables
S28—S39). Such thermal behavior is typical of the normal
metals and intermetallic compounds and is different than
those of some REs(Si,Ge;_ )4 systems,'~’ where heating
and/or cooling in the paramagnetic regime can result
in first-order phase transitions (concomitant to form-
ing Si- or Ge-dimers, which is not the case here). For
Gds— Mg, Gey (x = 1.45(1)), magnetic order occurs at
around 110 K (vide infra), which allows for probing with
a relative ease the single-crystal structure in the magneti-
cally ordered state, below the spontaneous magnetic
ordering temperature. Comparing the metrics of the
structure at 90 K and at 120 K (Supporting Information,
Table S31) suggests that no first-order phase transition
takes place upon crossing the ordering temperature ; the
¢/a ratio remains constant, 1.087 in both cases, and the
changes in the unit cell parameters corroborate the above-
discussed thermal expansion behavior. Structure refine-
ments at 90, 120, and 293 K confirm these conclusions
(Supporting Information, Tables S31—S33).

Magnetic Properties. Ficld cooled (FC) and zero field
cooled (ZFC) dc magnetization (M) measurements were
completed for the whole series Hos— Mg, Ge, (1.23 < x <
2.08), and the results are presented in Figure 3. As can be
seen from the plots, there is a significant difference in the
FC and ZFC curves, indicating a complex magnetic
behavior. The y(7) data in FC mode increase markedly
below 30 K, reaching very high susceptibility values,
about 5—16 emu/mol-Ho. The ZFC data, in turn, show
sharp maxima around 17—24 K. Previous work has
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Figure 4. Magnetic susceptibility (y = M/H) vs temperature for the series RE5_ Mg, Gey (RE = Gd—Dy, Er, Tm, Lu, and Y). For the REs_ Mg, Ge,
(RE = Gd—Dy) phases, which order magnetically, with (FC) measurements presented in the main panels and zero field cooled (ZFC) measurements
presented in the insets. The corresponding Néel temperatures (7) from the ZFC plots are marked down. For the REs_ Mg, Gey (RE = Er and Tm) phases,
the main panels show the field cooled (FC) measurements, and the insets show the linear fits of the inverse susceptibility vs temperature. For the non-
magnetic REs_ Mg, Gey (RE = Lu and Y) phases, only the field cooled measurements are shown. All data are gathered in applied field of 100 Oe.

indicated that the bulk magnetization behavior of pure
HosGe, shows similar characteristics with one study
reporting an ordering temperature at 25 K and an anom-
aly at 18 K,” while a much earlier report gives an ordering
temperature of 21 K.** These differences are likely due to
the way the values have been determined (the applied
magnetic fields are very different in both cases), or
perhaps unrecognized impurities (which is not without a
precedent, as discussed elsewhere ©).

The large increase of the magnetic susceptibility in FC
mode and the cusp-like features in all of the y(7) data
from the corresponding ZFC curves, support the co-
existence of an antiferromagnetic and ferromagnetic
component to the magnetic structure. This difficulty in
clearly describing the magnetic ground state of the com-
pounds crystallizing with this type is well documented.
Of particular relevance to this work are the neutron
diffraction experiments on HosGe,,”” which suggest that
the magnetic structure is best described as two competing
magnetic sublattices: (i) one, where the localized moments
of the rare-earth metals are ferromagnetically coupled in
layers that are parallel to the ac-plane, and (ii) another
one, where the former layers are coupled to each other via
strong antiferromagnetic interactions along the crystal-
lographic b-axis. The presented data for Hos— Mg, Gey
(1.23 = x = 2.08) and the fact the ZFC and FC curves are
markedly different is consistent with this model; however,
the availability of only polycrystalline samples did not
allow for measurements in different directions to fully
confirm the proposed magnetic structure. The corre-
sponding ordering temperatures were thereby assigned
as Curie temperature (7¢) in FC mode (determined from

the midpoint in the jump in dy/d T"), and Néel temperature
(Tn) in ZFC mode (determined from the maximum of
%(T)), and show that the transition temperatures in both
instances decrease with increased Mg content. This can be
related to parallel studies on La- and Y-doped GdsGey
alloys,'*'” where the dilution of the magnetic Gd* " in the
crystal structure with a non-magnetic La** or Y** also
leads to lower ordering temperatures. The same is also
true for samples of Tbs_ Mg, Ge, and Dys_ Mg, Gey
with a different Mg content, the results for which are
provided as Supporting Information.

Forallsix Hos_ Mg, Ge, specimens, both FC and ZFC
curves show no difference at temperatures above 30 K,
where the materials are paramagnetic and y(7") obey the
Curie—Weiss law (7)) = C/(T 0,) (C = Natteii/3kp is
the Curie constant and 6, is the paramagnetic Weiss
temperature).*® Linear fits of the inverse susceptibility
as a function of temperature yield effective magnetic
moments on the order of 10.7—10.8 ug, 1n falrly good
agreement with the value for a free -ion Ho" (10.60 up),
calculated from the Hund’s rules.* Weiss temperatures
are comparable to the apparent ordering temperatures
and positive, which signals weak, ferromagnetic inter-
actions between the Ho moments. Similarly complex
low temperature magnetism is evidenced for the
REs_ Mg, Gey (RE = Gd, Tb, and Dy) phases, while
REs_ Mg, Gey (RE = Er and Tm) do not order magne-
tically down to 5 K (Figure 4). This is understandable
since the ordering temperatures appear to follow the de
Gennes factor J(J + 1)(g — 1)* of the specific lanthanide
ion;* therefore, if the Er- and Tm-analogues undergo
magnetlc transitions, they should be at temperatures

(33) Holtzberg, F.; Gambino, R. J.; McGuire, T. R. J. Phys. Chem. Solids
1967, 28, 2283.

(34) Smart, J. S. Effective Field Theories of Magnetism; Saunders: Phila-
delphia, PA, 1966.
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Table 5. Selected Magnetic Data for REs_ Mg, Gey (RE = Gd—Tm, Luand Y)

compound Tn (K) 0, (K) Ucated (UB) Uegr (UB)

Y3.4001)Mg; 51Gey Pauli paramagnetism

Gds s501)Mgi.45Gey 110 42 7.94 8.30
Tb3_52(1)Mg1_48Ge4 70 19 9.72 9.97
Dy3.50(1)Mg1>5oGC4 31 8 10.65 10.85
Hos.ex1yMgi.38Gey 23 6 10.61 10.75
Er3 41(1nMg; 50Gey 3 9.58 9.92
Tmj 51(1)Mg; .40Gey 1 7.56 8.15

Lus 6o(yM g1 40Gey Pauli paramagnetism

“ Although attempts were made to synthesize samples with the same
composition, there are small differences in the refined formulas, which
make difficult the direct comparison of the trends across the family.

(a) o *
@
5} ot? 1
& *
? 41 . * 4
e E
L] . -
= @
2+ ’ i
1} . .
w. : . . HOSN!QZGG‘#-
0 10 20 30 40 50
H (kOe)
7.0x10° + ﬁh} E
; %’;f 3
6.0x10° N/
ol g %/B
— 5.0x10° |- / B
3 )
£ 3 { 1
= ox10° . 4,/.3
E 3 "
& 3.0x10°F —0—19K -
e 20K
ol 9l —h—205K
= 20t —0—21K
oo | e
-t , —Oo—2K
05 06 07

H/M (Oe-mol/emu)

Figure 5. (a) Magnetization (M) vs applied field (H) for Hos s
Mg, 95sGes, measured at 2 K. (b) Arrot plots (M? vs H/M) for Hos gs(1)-
Mg 9sGes. The magnetization isotherms were collected in the
temperature interval 19 to 23 K, with 0.5 K increments.

below 5 K. Lus_ Mg, Gey and Ys— Mg, Gey are Pauli-
like paramagnetic, as expected for compounds with no
localized f-electrons. Plots of the FC and the ZFC mag-
netic susceptibility versus temperature for the compounds
that undergo magnetic order, as well as the FC magnetic
susceptibility for the remaining ones, are presented in
Figure 4; important magnetic parameters for selected
samples of REs_ Mg Gey with close compositions are
given in Table 5.%

To further study the competing long-range fer-
romagnetic and antiferromagnetic order, thorough

(35) The effective magnetic moments are somewhat higher that the
expected moments for a free ion, almost certainly because of small amounts
of secondary phases present.
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magnetic isotherm measurements were undertaken for
Ho3zMg,Gey. Attempts to saturate the magnetic moments
were undertaken (Figure 5a), but as seen from the plot,
the magnetization as a function of an applied field up to
50 kOe shows no saturation. The maximum saturation
moment is 6 ug per formula unit, much lower than that
expected gJ value of 10 ug for free-ion Ho®". Similar
findings are reported for HosGe,4 and are attributed to the
slow alignment of Ho moments in the non-collinear
magnetic structure.*® The three steps in the isotherm, at
about 7, 22, and 42 kOe are suggestive of field-induced
magnetic phase transitions.*® Analogous field-depen-
dence and very low saturation moment were obtained
for Gds— Mg, Gey, Tbs_ Mg Gey, and Dys— Mg, Ge, as
well, and the corresponding plots are presented in the
Supporting Information section. On the basis of the
previously discussed low temperature structures, we
argue that crystallographic phase transitions are unlikely
explanation for such behavior, although they cannot be
completely ruled out in the absence of structural data at
low temperature in applied magnetic fields.

Additional field-dependent magnetization measure-
ments in the range of temperatures from 19 to 23 K,
chosen in close proximity to the transition temperature of
Ho3;Mg,Gey, were also completed. From the gathered M
vs H data, the H/M isotherms were plotted as a func-
tion of M? commonly referred to as an Arrott plot
(Figure 5b).*” Representation of the data in this way
provides additional information concerning the observed
magnetic behavior. For instance, the shape of the pre-
sented plots is characteristic of systems that exhibit
ferromagnetic interactions but do not have a clearly
defined ferromagnetic ground state.*® This corroborates
the previously discussed complex magnetic structure,
brought about via strong RKKY coupling of the
f-electrons of the lanthanide atoms occupying crystal-
lographically inequivalent positions. Another possible
way of explaining this, as seen in the case of GdsGey, is
the Landau theory, which can account for the existence of
ferromagnetic RE— RE interactions alongside antiferro-
magnetism.” Indeed, a number of studies demonstrate
the formation of “ferromagnetic clustering” or Griffiths
phases in compounds such as TbsSi,Ge, and DysSizGe,
among others.*” Of interest to this discussion is also
the fact that one of the rare-earth atoms is completely
replaced by non-magnetic Mg does not change in a

(36) Prokleska, J.; Vejpravovd, J.; Sechovsky, V. J. Magn. Magn. Mater.
2007, 316, 313.

(37) Arrott, A. Phys. Rev. 1957, 108, 1394.

(38) (a) Brommer, P. E. Franse, J. J. M. In Ferromagnetic Materials;
Buschow, K. H. J., Wohlfarth, E. P., Eds.; North Holland: Amsterdam,
1990; Vol. 5, p 323.(b) Jia, S.; Ni, N.; Samolyuk, G. D.; Safa-Sefat, A.;
Dennis, K.; Ko, H.; Miller, G. J.; Bud’ko, S. L.; Canfield, P. C. Phys. Rev. B
2008, 77, 104408. (c) Yeung, I.; Roshko, R. M.; Williams, G. Phys. Rev. B
1986, 34, 3456. (d) Yuhasz, W. M.; Frederick, N. A.; Ho, P.-C.; Butch, N. P.;
Taylor, B. J.; Sayles, T. A.; Maple, M. B.; Betts, J. B.; Lacerda, A. H.; Rogl,
P.; Giester, G. Phys. Rev. B2005, 71, 104402. (¢) Padmanabhan, B.; Bhat, H.
L.; Elizabeth, S.; Ropler, S.; Ropfler, U. K.; Dérr, K.; Miiller, K. H. Phys.
Rev. B 2007, 75, 024419.

(39) Levin, E. M.; Gschneidner, K. A.Jr.; Lograsso, T. A.; Schlagel, D. L.;
Pecharsky, V. K. Phys. Rev. B 2004, 69, 144428.

(40) (a) Magen, C.; Algarabel, P. A.; Morellon, L.; Aradjo, J. P.;
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Figure 6. (a) Variations of Néel temperatures of the Hos— Mg, Ge4 (1.23 < x < 2.08) phases as a function of the Mg content alongside the variations of the
Ho—Hodistances. (b) Schematic view of the Ho sub-structure, highlighting the different metal—metal distances. The M1— M2 which experiences about 12%
change as the Mg content increases is marked down with an arrow. The considered Ho—Ho distances are color-coded.

significant way the magnetic interaction, which implies
that the coupling between the rare-earth cations in the 4¢
sites is different than the coupling in the neighboring
slabs.

Plotting the field-dependent data in such a way allows
for the determination with greater certainty of the Curie
temperature as well. For this purpose, the linear portion
of the isotherm (H/M) which, when extrapolated to
intersect the origin, corresponds to the Curie tempera-
ture. As seen from the inset provided in Figure 5b, the
isotherms measured at temperature of 20.5 and 21 K can
be crudely extrapolated via a linear fit to pass through the
zero, while the isotherms representing the temperatures
above and below, show much greater deviations from
linearity near the origin of the plot. This confirms the
Curie temperature extracted from the data shown in
Figure 3.

An interesting correlation of the Néel temperatures for
the series Hos— Mg, Gey (1.23 < x < 2.08) with the Mg
content is depicted in Figure 6—higher Mg content and
lower valence electron concentration result in a gradual
decrease of the Néel temperature from the antiferromag-
netic structure. The same trend is followed by the Curie
temperatures from the corresponding FC curves as well.
Apparently, increased Mg content not only strengthens
the Ge3—Ge3 bonding but also leads to shortening of
certain Ho—Ho distances, while others remain virtually
unchanged. This point is demonstrated on the accompa-
nying plot, showing the dependence of the metal—metal
interactions with “x”. Attention is drawn to two M1—M?2
and M1—M1 contacts, both of which represent interac-
tions between neighboring rare-earth metal slabs along
the crystallographic b-direction (Figure 6b). Such coun-
teracting behavior could have a strong effect on the two

co-existing magnetic lattices and could be the most likely
factor for the observed variations in the magnetic order-
ing temperatures of the members of the Hos— Mg, Gey
series. Comparing the Ho—Ho contacts in pure HosGey
and in its Mg-substituted derivatives emboldens these
speculations—the typical contraction of the metal—metal
distances is on the order of 3 to 8%, while the above-
mentioned M1—M?2 contacts are shortened by nearly
twice as much (Figure 6).

Conclusions

A series of ternary rare-earth metal magnesium germa-
nides, REs_ Mg Gey (x &~ 1.0—2.3; RE = Gd—Tm, Lu, Y),
have been synthesized and structurally characterized. They
further demonstrate the ability of the GdsSiy structure to
adapt to varied electron count through the substitution of a
trivalent rare-earth metal with the divalent Mg. The site
preference observed in the structure shows that the smaller
Mg atoms preferentially occupy the 4c¢ sites at the center of a
distorted octahedron of Ge atoms, inscribed within a cube of
rare-earth metal atoms. One of the latter sites also shows a
small admixture of Mg, allowing for a sizable homogeneity
range. The Mg-content influences the structural character-
istics and the observed physical properties. Most notably,
specific Ge—Ge interactions are strengthened as more Mg
substitutes the rare-earth metal. The Gd, Tb, Dy, and Ho
compounds order magnetically at low temperatures, and
their magnetic structure likely boast two co-existing magnetic
states—ferromagnetic and antiferromagnetic. In addition,
the Mg-content has been shown to have an effect on the
magnetic properties of the compounds where a decrease in
the corresponding Néel or Curie temperatures occurs for Mg-
richer samples because of the dilution of the magnetic
lanthanide atoms.
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These studies also emphasize the ability for the GdsSi, type
structure to accommodate a variety of non-magnetic atoms
in wide ranges, thereby allowing for systematic investigations
of structural trends and properties of interest. Currently,
ongoing efforts include extending this chemistry to other
alkali/alkaline-earth elements.
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