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The rare earth metal (RE)-magnesium-thallides REMgTI (RE =Y, La-Nd, Sm, Gd-Tm, Lu)
were prepared from the elements in sealed tantalum tubes in a water-cooled sample chamber of
a high-frequency furnace. The thallides were characterized through their X-ray powder patterns.
They crystallize with the hexagonal ZrNiAl type structure, space group P62m, with three for-
mula units per cell. Four structures were refined from X-ray single crystal diffractometer data:
a=750.5(1), c = 459.85(8) pm, wR2 = 0.0491, 364 F? values, 14 variables for YMgTI; a =
781.3(1), c = 477.84(8) pm, wR2 = 0.0640, BASF = 0.09(2), 425 F2 values, 15 variables for
LaMgTl; a=774.1(1), c = 473.75(7) pm, wR2 = 0.0405, 295 F? values, 14 variables for CeMgT];
a=760.3(1), c = 465.93(8) pm, wR2 = 0.0262, 287 F2 values, 14 variables for SmMgTI. The
PrMgTIl, NdMgTI, GAMgTI, TbMgTI, and DyMgT]I structures have been analyzed using the Rietveld
technique. The REMgTI structures contain two cystallographically independent thallium sites, both
with tri-capped trigonal prismatic coordination: TI1IMg3REg and TI2MggRE3. Together the magne-
sium and thallium atoms form three-dimensional [MgTI] networks with Mg—Mg distances of 327 and

Mg-TI distances in the range 299 — 303 pm (data for CeMgT]).
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Introduction

In continuation of our investigations on equiatomic

Table 1. Lattice parameters of the hexagonal thallides
REMgTI (space group P62m, ZrNiAl type).

o Compound a[pm] ¢ [pm] V [nm®]

RETX (RE = rare earth element; T = late transition  ygT] 750.5(1) 459.85(8) 0.0943
element; X = main group element) intermetallics [1-  LaMgTI 781.3(1) 477.84(8) 0.2526
3, and ref. therein], we have recently substituted the  CeMgTI 774.1(1) 473.75(7) 0.2458
transition metal sites by magnesium in order to study Zrd'\:/?ﬂ 770.2(1) 47L.50(7) 0.2422
; . . gTI 766.6(1) 469.45(5) 0.2389
the mflgence on the c'rystal chemistry anq the phys!cal SmMgTI 760.3(2) 465.93(8) 0.2333
properties. The transition metal-magnesium substitu-  GdMgTI 755.6(1) 463.12(7) 0.2290
tion strongly influences the hybridization of the rare $b';\/|/|9?| ;i;g% jgg-gg% 8-5322

- - - y g . . .

earth el_ement. It_|s therefore mtergstmg to study the HoMgTI 747.102) 458.35(9) 09215
magnetic properties of the magnesium-based systems  gpyqry 744.9(1) 457.15(6) 02197
in parallel to those with the transition metals. TmMgTI 743.2(1) 455.41(6) 0.2178
The series of gallides REMgGa and indides LuMdT! 740.2(1) 454.00(6) 0.2154

REMgIn have been synthesized and structurally char-
acterized [4-7]. They crystallize with the hexagonal
ZrNiAl type structure [8-10]. First magnetic char-
acterizations revealed antiferromagnetic ordering at
3.1 K for CeMgGa [5] and at 22(2), 12(1), and 3(1) K
for DyMgln, HoMgln, and TmMgln, respectively [7].
Interestingly, isotypic GdMgIn shows no magnetic or-
der down to 4 K [4].

Recent phase analytical investigations in the sys-
tems with the higher homologue thallium revealed

the series of isotypic compounds REMgTI (RE =,
La-Nd, Sm, Gd-Tm, Lu). The synthesis and struc-
tural characterization of these compounds is reported
herein.

Experimental Section
Synthesis

The ternary thallides were synthesized by using rare earth
ingots (Johnson Matthey, Chempur or Kelpin, > 99.9%), a
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Table 2. Crystal data and structure refinement for REMgTI (RE =Y, La, Ce, Sm; space group P62m; Z = 3).

Empirical formula

Molar mass [g/mol]

Unit cell dimensions
Calculated density [g/cm?]
Crystal size [um?]
Transm. ratio (max/min)
Absorption coefficient [mm1]
F(000)

6 Range [°]

Range in hki

Total no. reflections
Independent reflections
Reflections with | > 2o(1)
Data/parameters

YMgTI

317.59

Table 1

7.05

40 x 60 x 200
0.992/0.205

73.0

396

3t0 35

+12; £12;0<1 <6
1936

364 (Rnt = 0.0970)
344 (Riigma = 0.0489)
364 /14

LaMgTI

367.59

Table 1

7.25

80 x 120 x 200
0.135/0.020

60.2

450

3t0 35

+12; +12; -7<1<6
3531

425 (Rint = 0.1569)
412 (Reigma = 0.0612)
425/15

CeMgTI

368.80

Table 1

7.47

20 x 60 x 100
0.922/0.483

62.7

453

31030

+10; £10; -6 <1 <0
1572

295 (Rint = 0.0453)
289 (Reigma = 0.0234)
295/ 14

SmMgTI

379.03

Table 1

8.10

30 x 30 x 80

0.907 /0.522

70.3

465

31030

+10; £10; -6 <1 <5
2611

287 (Rint = 0.0717)
281 (Ryigma = 0.0316)
287114

Goodness-of-fit on F2 1.133 1.195 1.213 1.038
Final Rindices [I > 2o (1)] R1=0.0259 R1=0.0293 R1=10.0172 R1=0.0130
WR2 = 0.0485 WR2 = 0.0631 WR2 = 0.0401 WR2 = 0.0261
R Indices (all data) R1 =0.0283 R1=0.0311 R1 =0.0180 R1 =0.0136
WR2 = 0.0491 WR2 = 0.0640 WR2 = 0.0405 WR2 = 0.0262
Extinction coefficient 0.036(2) 0.0067(5) 0.0124(7) 0.0207(9)
Flack parameter 0.05(5) - —0.03(1) —0.03(1)
BASF . - 0.09(2) - -
Largest diff. peak and hole [e/A%]  2.82 and —1.66 2.12 and —2.51 1.42 and —1.86 1.07 and —1.09
Table 3. Atomic coordinates and isotropic displacement pa-  Table 3 (continued).
rameters (pm? for Ueq and A for B) for REMQTI (space  Atom — Wyckoff site x v 7 Usg/B
group P62m). Ugq is defined as a third of the trace of the  SmMgTI (single crystal data)
orthogonalized Uj; tensor. Sm 3f 0.57295(7) 0 0 78(1)
Atom Wyckoff site X y z Ueq/B Mg 3q 0.2437(4) 0 12 83(1)
- TIL 2d 1/3 203 112 73(1)
YMgTI (single crystal data)
TI2 la 0 0 89(1)
\4 3f 0.5712(2) 0 0 75(2)
GdMgTI (powder data)
Mg 39 0.2442(6) 0 112 89(8)
Gd 3f 0.5716(2) 0 0 1.28(5)
TI1 2d 1/3 213 12 65(1)
Mg 3g 0.243(1) 0 172 0.8(2)
TI2 la 0 0 0 87(2)
. TIL 2d 1/3 203 12 1.25(4)
LaMgTl (single crystal data)
TI2 la 0 0 0 1.45(6)
La 3f 0.4237(1) 0 0 129(2) ToMgTI (powder data)
Mg 3g 0.7552(8) 0 /2 136(10)
Th 3f 0.5711(4) 0 0 1.4(1)
T 2d 2/3 U3 12 134(2)
Mg 39 0.244(2) 0 1/2 0.3(4)
TI2 la 0 0 0 150(2)
. T 2d 1/3 203 12 0.70(7)
CeMgTI (single crystal data)
TI2 la 0 0 0 0.9(1)
Ce 3f 0.4243(1) 0 0 94(2) DyMgT! (powder data)
Mg 3g 0.7561(6) 0 12 91(9)
Dy 3f 0.5713(2) 0 0 1.36(4)
TIL 2d 2/3 13 12 95(2) )
™ 1a 0 0 0 1070) Mg 39 0.241(1) 0 1/2 1.6(2)
TIL 2d 1/3 253 12 1.01(3)
PrMgTI (powder data) T2 1a 0 0 0 1.28(5)
Pr 3f 0.5751(2) 0 0 1.49(4) :
Mg 3g 0.244(1) 0 1/2 1.0(2)
¥:; id 1(/)3 2(/)3 162 i‘ég(g) Table 4. Interatomic distances (pm), calculated from single
a 55(6) crystal data using the lattice parameters taken from X-ray
NdMQT! (powder data) powder data of CeMgTI
Nd 3f 0.5747(2) 0 0 1.62(5) :
Mg 3g 0.242(2) 0 1/2 1.5(3) Ce: 1TI2 328.5(1) Mg: 2TI1 298.7(3)
TiL 2d 1/3 213 12 1.46(5) 4TI 330.9(1) 2TI2 302.9(3)
TI2 la 0 0 0 1.86(7) 2 Mg 349.4(3) 2 Mg 327.0(8)
4 Mg 371.0(1) 2Ce 349.4(3)
magnesium rod (Johnson Matthey, & 16 mm, > 99.5%) and - ‘3‘&9 ‘Z‘gg%gg o gfﬂe gg;gg;
thallium granules (@ 1-5 mm, Chempur > 99.999%, kept : g ' : 9 '
g ( ’ pur > o Kep 6Ce  330.9(1) 3Ce  3285(1)

under water). All rare earth pieces with the notable excep-




R. Kraft — R. Pottgen - Ternary Thallides REMgTI

267

Table 5. X-ray powder data and structure refinement for PrMgTI, NdMgTI, GdMgTI, TbMgTI and DyMgTI (hexagonal,

P62m, Z = 3).

Empirical formula PrMgTI NdMgTI
Formula weight [g/mol] 369.60 372.93
Lattice parameters [pm] a=771.43(2) a=768.16(1)
(diffractometer data) c=471.38(1) c=469.84(1)
Cell volume [nm®] V =0.2429 V =0.2401
Calculated density [g/cm?] 7.60 7.74
Absorption correction [uR] 1.40 1.40

F(000) 456 459

Range in 26 5-100 5-100

Scan mode, step width 0/26,0.03 0/26,0.03
No. data points 4751 4751

Total no. Bragg reflections 79 79

Asymmetry parameters 0.03(2) 0.01(2)
0.020(3) 0.018(2)

No. structure parameters 8 8

No. total parameters 16 16

Rr, Ryp 0.047, 0.094 0.066, 0.115

Reragg(1) 0.048 0.058

@3 3.76 2.95

Bérar-Lelann Factor 3.92 2.84

GdMgTI TbMgTI DyMgTI
385.94 387.62 391.19
a=756.624(8) a=753.05(1) a=750.006(8)
c=463.624(5) c=461.537(9) ¢ =459.928(6)
V =0.2299 V =0.2267 V =0.2241
8.36 8.52 8.69

1.40 1.40 1.40

471 474 477

5-100 5-100 5-100
0/26,0.03 6/26,0.03 0/26,0.03
4751 4751 4751

76 75 75

0.03(1) 0.03(1) 0.03(1)
0.018(2) 0.018(2) 0.024(2)

8 8 8

16 16 16

0.034, 0.085 0.055, 0.172 0.036, 0.081
0.045 0.072 0.049

231 1.46 2,97

2.72 1.74 2.82

tion of thulium (too high vapour pressure) were then melted
to small buttons in an arc-melting apparatus [11] under pu-
rified argon. The argon (Westfalen, 4.8) was purified using
heated titanium sponge (900 K), molecular sieve and silica
gel. The magnesium pieces were cut from slices cut from
said rod of which the outer edges were discarded in order
to minimize surface impurities. The thallium granules were
dried using paper towels, since for security reasons they were
kept under water and then taken without further preparations.
All such prepared starting materials were then weighed in the
ideal 1:1:1 atomic ratios and put inside tantalum ampoules,
which were subsequently sealed under purified argon (see
above) of 800 mbar in a similar arc-welding apparatus. The
prepared ampoule was then put inside a water-cooled quartz
chamber [12] which in turn was inside the induction coil of
a high-frequency generator (Huttinger Elektronik Freiburg,
Typ TIG 1.5/300).

The preparation involves two steps. The first one leads to
a homogenous melt. The ampoule was put under flowing ar-
gon and a power output of approximately 65% led to the es-
timated temperature of about ~ 1500 K. This state was kept
for 10 min before reducing the power and the temperature
to 28% (~ 950 K). This state was kept for another 4 h and
then the power was cut thereby quenching the sample. The
ampoule was in the inert argon atmosphere during the whole
time. Excess reaction heat of the elements was visible during
the first preparation step due to small flashs which sponta-
neously lighted up the tantalum ampoule. After the reaction
container had attained room temperature it was removed, the
sample was then broken from the walls with carefully exe-
cuted hammer strokes and finally the ampoule was cut open
using a tube cutter. The samples were extracted from the con-

tainer as a mixture of small polycrystalline pieces which ex-
hibited metallic lustre and powder which appeared black. Al-
though the samples seem to be quite stable in air the metallic
lustre turns to a dull black within a matter of weeks.

X-ray filmdata and single crystal structure refinement

All samples were analyzed through Guinier powder pat-
terns using Cu-K,1 radiation and a-quartz (a = 491.30,
¢ = 540.46 pm) as an internal standard. The Guinier cam-
era was equipped with an imaging plate system (Fujifilm
BAS-1800). The lattice parameters (Table 1) were obtained
from least-squares fits. To ensure correct indexing, the ob-
served patterns were compared to calculated ones [13] using
the atomic positions obtained from the structure refinements.
The lattice parameters derived for the powders and the single
crystals agreed well.

Irregularly shaped single crystals of YMgTI, LaMgTl,
CeMgTI, and SmMgTI were isolated from the annealed sam-
ples by careful mechanical fragmentation. The crystals were
subsequently examined by Laue photographs on a Buerger
precession camera (equipped with an imaging plate system
Fujifilm BAS-1800) in order to establish suitability for in-
tensity data collection. Single crystal intensity data were col-
lected at room temperature by use of a four-circle diffrac-
tometer (CAD4) with graphite monochromatized Mo-K,
(71.073 pm) radiation and a scintillation counter with pulse
height discrimination. The scans were taken in the ®/26
mode and an empirical absorption correction was applied on
the basis of psi-scan data, followed by a spherical absorption
correction. All relevant crystallographic data for the data col-
lections and evaluations are listed in Table 2.



268

R. Kraft — R. Pottgen - Ternary Thallides REMgTI

The isotypy of these thallides with the previously re-
ported gallium and indium compounds [4-7] was already
evident from the X-ray powder data. The atomic positions of
CeMgGa [5] were taken as starting values and the structures
were refined using SHELXL-97 (full-matrix least-squares on
Fo2) [14] with anisotropic atomic displacement parameters
for all sites.

As a check for the correct site assignment or possible
Mg/TI mixing, the occupancy parameters of all four crystals
were refined in a separate series of least-squares cycles. All
sites were fully occupied within two standard deviations. In
the last cycles, the ideal occupancies were assumed again.
Refinement of the correct absolute structure was ensured
through refinement of the Flack parameter [15, 16]. In some
cases, where the Flack parameter was close to 1, the atomic
parameters were inverted and the structure was refined again.
The LaMgTI crystal showed twinning by inversion with ap-
proximately 9% of the second domain, similar to SmMgGa
and TmMgGa [6]. Final difference Fourier synthesis revealed
no significant residual peaks (see Table 2). The positional
parameters and interatomic distances are listed in Tables 3
and 4. Further details on the structure refinements are avail-
able.* The REMgTI single crystal measured on the diffrac-
tometer have been analyzed by EDX using a LEICA 420 |
scanning electron microscope. The semi-quantitative analy-
ses (no standard was available for thallium) were close to the
ideal compositions. No impurity elements were detected.

Rietveld data of PrMgTI, NdMgTl, GdMgTI, TbMgTI, and
DyMgTI

High-quality single crystals were not obtained for all
REMgTI thallides. We have therefore investigated some of
these compounds on a powder diffractometer (Stoe Stadi P,
Cu-K1 radiation) in order to perform full profile Rietveld
refinements. The data for PrMgTI, NdMgTI, and GdMgTI
are presented in Fig. 1, those of TbMgTI and DyMgTI in
Fig. 2. The measurements were performed in Debye-Scherrer
geometry using Cu-K radiation (A = 154.0598 pm, Ge
monochromator). All experimental details are listed in Ta-
ble 5.

The Rietveld calculations were performed with the FULL-
PROF [17] software. The background was set manually and
the profiles were modelled using the pseudo-Voigt function.
The limit of peak asymmetry was set to 60 degrees (26). The
experimental data of the five refinements are summarized in
Table 5. The standard deviations of the refined parameters
have been multiplied with the Bérar-Lelann factor [18]. The
refined positional parameters are listed in Table 3. The stan-

*Details may be obtained from: Fachinformationszentrum Karls-
ruhe, D-76344 Eggenstein-Leopoldshafen (Germany), by quoting
the Registry No’s. CSD 414438 (YMgTI), CSD 414439 (LaMgTl),
CSD 414440 (CeMgTI), and CSD 414441 (SmMgT]).
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Fig. 1. Rietveld refinement plots for PrMgTI, NdMgT]I, and
GdMgTI, in which the observed intensites are indicated with
open circles and the calculated pattern with a line on top of
the circles. The vertical lines indicate the Bragg positions.
The difference y(obs)-y(calc) is drawn below the Bragg indi-
cators.

dard deviations of the x parameters for the rare earth metal
and magnesium position are, as expected, significantly larger
for the X-ray powder data as compared to the single crystal
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Fig. 2. Rietveld refinement plots for ToMgTI and DyMgTI, in
which the observed intensites are indicated with open circles
and the calculated pattern with a line on top of the circles.
The vertical lines indicate the Bragg positions. The differ-
ence y(obs)-y(calc) is drawn below the Bragg indicators.

data. Nevertheless, the powder data fully confirm the struc-
ture of these compounds and we could show that these five
samples are very pure on the level of X-ray powder diffrac-
tion.

Discussion

The 13 REMgTI thallides reported herein crystal-
lize with the hexagonal ZrNiAl type structure [8-
10], a ternary ordered variant of the well known Fe P
type [19,20]. As emphasized in Fig. 3, the cell vol-
umes decrease more or less monotonically from the
lanthanum to the lutetium compound as expected from
the lanthanide contraction. The volume of CeMgTI fits
well between the volumes of LaMgTl and PrMgT], in-
dicating purely trivalent cerium in CeMgTI. The cell

REMgTI

|} N,
-~

~a
~a

Unit cell volume [nm’]

0.21F

i L I L 1 il 1 Il L i 1 I 1 1 1

Y La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3. Plot of the cell volumes of the hexagonal REMgTI
compounds.

volume of YMgTI fits between those of TbMgTI and
DyMgT]I, similar to the REMgGa series [6], while
YMgln fits between DyMgln and HoMgln [7].

Binary Mg,Tl [21] also crystallizes with the
Fe,P type (a = 808.29(4), ¢ = 367.96(4) pm, V =
0.2082 nm?3). Formally, the REMgTI thallides derive
from Mg, Tl by an ordered substitution of one magne-
sium site by the rare earth metal atoms. This substitu-
tion has a drastic effect on the lattice parameters. In the
ternary thallides the a parameters are smaller by 30—
70 pm, while the c parameters expand by up to 110 pm,
leading to much higher c/aratios for REMgTI. Never-
theless, the rare earth metals have larger metallic radii
than magnesium. Thus, the cell volumes of the ternary
compounds are larger than that of Mg, TI. The drastic
change in the c/a ratio is a direct consequence of the
size of the rare earth metals. The RE atoms dominate
the ¢ parameter. Consequently the a parameters need
to collapse in order to retain approximately the coordi-
nation at the atomic sites.

The crystal chemistry of the ZrNiAl related com-
pounds has intensively been discussed in the litera-
ture [5, 9, 20, and ref. therein]. For more structural de-
tails and drawings of this simple structure we refer to
previous work [5]. As an example we shortly discuss
the interatomic distances in CeMgTI (Table 4). Within
the three-dimensional [MgTI] network the Mg-TI dis-
tances range from 299 to 303 pm, slightly longer than
the sum of the covalent radii of 291 pm [22]. In binary
Mg, Tl the Mg-TI distances cover the much broader
range from 273 to 331 pm (calculated with the atomic
positions of Mg»In [23]). Some of the Mg-In interac-
tions in Mg, Tl are stronger than in the ternary thal-
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lides. In MgTI [24] with CsClI structure, the Mg-TI
distance is 314 pm. The shortest Mg—Mg distance of
327 pm in CeMgTlI is only slightly longer than the
average Mg-Mg distance of 320 pm in hcp magne-
sium [25]. The short Mg—Mg distance in CeMgT]I cor-
responds to the triangular faces of the trigonal prisms
around TI2. This is different in binary Mg, TI, where
the edges of the triangles are at 350 pm Mg-Mg, while
the Mg—Mg distances between these prisms are shorter.

With europium we obtained the new thallide Eu-
MgTI. In contrast to the compounds listed here,
EuMgTI contains divalent europium (7.9(1) ug/Eu
atom in the paramagnetic state) and crystallizes with

the orthorhombic TiNiSi type structure (Pnma, a =
806.6(2), b =493.65(8), c = 874.0(1) pm). The crys-
tallographic data, the physical properties and an eval-
uation of chemical bonding will be reported else-
where [26].
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