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Abstract

Single crystals of TbyMGa;, (M =Pd, Pt) have been synthesized. The isostructural compounds crystallize in the cubic space group
Im3m, with Z = 2 and lattice parameters: a=8.5940(5) and 8.5850(3)1& for Tb4PdGa;, and TbysPtGa,,, respectively. The crystal
structure consists of corner-sharing MGag octahedra and TbGas cuboctahedra. Magnetic measurements suggest that Tb,PdGa,, is
an antiferromagnetic metamagnet with a Néel temperature of 16 K, while the Pt analog orders at 7y = 12 K.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The ternary compounds Ce,MXs,1> (n=1, 2; o0;
M=Co, Rh, Ir; X=Ga, In) [1-5] have received a great
deal of attention within the last few years. This system
possesses a very rich magnetic phase diagram that
allows one to probe ground states with long-range
magnetic order, superconductivity, and quantum criti-
cality. CeMIns (M=Co, Rh, Ir) forms tetragonal
structure composed of alternating layers of Celns
cuboctahedra and “MIn2” rectangular prisms [6,7].
The quasi-two-dimensional layered structure is highly
anisotropic. CeMIns (M = Co, Ir) exhibit heavy fermion
superconductivity under ambient conditions at 7.=2.3
and 0.4K, respectively [7]. CeRhIns superconducts at
2.1 K under applied pressures of 16 kbar [3]. CeRhlns,
under ambient pressure, is a heavy-fermion antiferro-
magnet with 7y=3.8 K [1,8]. Similarly, Ce, MIng (n=2;
M=Rh, Ir) consists of one layer of MIn2 rectangular
prisms alternating with two layers of Celns cuboctahe-
dra [9]. Ce,RhIng orders antiferromagnetically at
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Tn=2.8K at ambient pressure and superconducts at
2.1 K under a pressure of 25kbar [9]. Celn; (n = 00) is
antiferromagnetic (7N=10K) and superconducts
(T.=0.25K) under a pressure of 25 kbar [10].

In our search for Pd and Pt containing intermetallics,
we have discovered several Ce—Pd—Ga phases. CePdGag
is a heavy fermion metamagnet (y~230-360 mJ/mol K?),
in which the Ce fmoments order antiferromagnetically
along the c-axis at Tny=5.5K. A reconfiguration of
spins induces a ferromagnetic moment in the ab-plane
[11]. Ce,PdGa;, orders antiferromagnetically at
Tn~11K with a spin reconfiguration transition at 5K
and has recently been compared to Ce,PdGa;, which
exhibits large positive magnetoresistance of over 200%
at 9T [12].

Other Ce-Pd-Ga phases have also been reported.
CegPd,4Ga orders antiferromagnetically at Txy=3.6K
and exhibits an enhanced electronic specific heat at
T=10K [13]. CePdGa exhibits an antiferromagnetic
transition at Tn=1.8K [14]. CePd,Ga; orders ferro-
magnetically at 7,=6 K [15,16]. CePd,Ga (YPd,Si-type)
order antiferromagnetically at a Néel temperatures of
[13,17]. Rare earth intermetallics containing Sm or Tb
were also investigated because of the possibility of mixed
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valency or other unusual magnetic or electronic
behavior. SmPd,Ga,, of the ThCr,Si, structure type,
has been discovered to exhibit large positive magne-
toresistance which increases by almost 100% at low
temperature [18].

Magnetic ordering is also found in terbium inter-
metallics. A study by neutron diffraction shows that
orthorhombic TbNiGa orders antiferromagnetically at
Tn=23K [19]. TbNi3;Ga, (YCo3Ga,-type) orders ferro-
magnetically below 14K [20]. Tb,CoGaj orders ferro-
magnetically below 28K [21]. TbPdGa exhibits a
complicated magnetic structure which undergoes a
magnetic transformation at 26K [22]. TbPtGa and
TbRhGa of the orthorhombic TiNiSi-structure type are
antiferromagnetic with Néel temperatures of 34 and
22K, respectively [22,23]. Finally, TbGa, exhibits a
multi-step metamagnetic transition at 7y=18 K when
the field is applied perpendicular to the c-axis [24], while
TbGag (PuGag-type), exhibits pressure-induced super-
conductivity (7.=6K) at ~10kbar [25].

Neutron and single crystal X-ray studies of RE4Fe
Gaj,_,Ge, (RE=Sm, Tb) reveal that these compounds
crystallize in the cubic U4Re;Sig-type (Im3m) with lattice
parameters a=_8. 657(4)A and 8. 5620(9)A for Sm and
Tb analogs, respectively [26]. TbsFeGa;,_,Ge, orders
antiferromagnetically at a Néel temperature of 13K,
while the isostructural Sm analog does not exhibit any
magnetic ordering [26].

The crystal structure and transport measurements on
polycrystalline R4MGa;, (R=Gd-Lu; M =Ni, Pd) were
reported [27]. The structure of RyMGa» (R=Gd-Lu;
M =Ni, Pd) is cubic and can be viewed as a redistributed
homolog of UyRe;Sig-type [28] or alternatively, the
structure can be regarded as the result of partially filling
the octahedral voids in the cubic close packed AuCus-
type [29]. The electrical resistivity of R4MGa;,
(R=Gd-Lu; M=Ni, Pd) shows metallic behavior [27].
In this paper, we report the crystal structure, transport
and magnetic properties of single crystals of Tby,PdGa,,
and Tb4PtGa12.

2. Experimental
2.1. Syntheses

The samples were synthesized from small pieces of Tb
metal (99.9%, Alfa Aesar), Pd and Pt powder (99.998%,
Alfa Aesar), and Ga pieces (99.99999%, Alfa Aesar).
Single crystals were grown by placing constituent
elements in an aluminum oxide crucible in a molar
ratio of 1:1:20. The sample was sealed in an evacuated
fused silica tube and heated to a temperature of 1150 °C
for 7h and then cooled at a rate of 15°C/h to 530 °C, at
which point the excess Ga flux was removed by

centrifugation. The synthesis yielded cuboidal-shaped
crystals which ranged in size from 0.02 to 0.5 mm?.

2.2. Single crystal X-ray diffraction

A single crystal fragment of ~0.02mm x
0.04mm x 0.06 mm (TbyPdGa;,) and ~0.02mm x
0.04 mm x 0.08 mm (Tb4PtGa,,) were mechanically ex-
tracted, placed on a glass fiber and mounted on the
goniometer of a Nonius Kappa CCD diffractometer
equipped with MoKa radiation (A = 0.71073 A). Addi-
tional data collection and crystallographic parameters
are presented in Table 1. To ensure sample homogeneity
several single crystals from several different sample
growths were characterized by single crystal X-ray
diffraction. Crushed single crystals were also character-
ized by powder X-ray diffraction to confirm sample
homogeneity.

The structures were solved using direct methods
(SHELXL97) [30]. Data were then corrected for
extinction and refined with anisotropic displacement
parameters. Atomic coordinates and related structural
information is provided in Table 2. Selected interatomic
distances and bond angles are given in Table 3. The
stoichiometries of the samples were determined by
dividing the site multiplicity of each atomic position
by the multiplicity of the atomic position with the

Table 1
Crystallographic parameters

Crystal data

Formula Tb,PdGa,, Tb,PtGa,,
a(A) 8.5940(5) 8.5850(3)
V(A% 634.73(6) 632.73(4)
V4 2 2

Crystal dimension (mm?) 0.02 x 0.04 x 0.06 0.02 x 0.04 x 0.08
Crystal system Cubic Cubic
Space group Im3m Im3m

0 range(deg.) 3.5-30.0 3.36-30.0
i (mm~") 48.260 58.034
Data collection

Measured reflections 718 715
Independent reflections 117 118
Reflections with I>2a([) 109 100

Ring 0.1060 0.0914

h —12-12 —12-12
k —8-8 —8-8

/ —8—-8 —8—-8
Refinement

AR [F2>20(F) 0.0454 0.0257
*ywR(F?) 0.1189 0.0512
Reflections 109 116
Parameters 10 10

Apmax (€A 2.809 2.077
APmin (€A™ -3.319 —2.010
Extinction coefficient 0.00433(8) 0.00378(6)

AR=|Fo|=|F/|/3] Fol.
PwR= YD (Fs- PO F) .
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Table 2
Atomic positions and thermal parameters of TbyMGa,, (M =Pd, Pt)
X y z Ueqa (AZ)
Tbl 8¢ 3/4 3/4 3/4 0.0082(1)
Pdl 2a 0 0 0 0.0057(7)
Gal 12d 12 0.204366(3) 3/4 0.0073(8)
Ga2 12¢ 1/3 0 0 0.0060(1)
Tbl 8¢ 3/4 3/4 3/4 0.0084(3)
Ptl 2a 0 0 0 0.0072 (3)
Gal 12d 12 0.203989(2) 3/4 0.0089(4)
Ga2 12¢ 1/3 0 0 0.0070(4)

#Ugq is defined as one-third of the trace of the orthogonalized Uy
tensor.

Table 3
Selected inter-atomic distances and bond angles of Tb,MGa,,
(M=Pd, Pt)

Interatomic distances (A)

Tb4PdGa12 Tb4PtGa12
Cuboctahedra
Tb1-Gal ( x 6) 3.03844(18) 3.0526(11)
Tb1-Ga2 ( x 6) 3.0641(4) 3.05994(11)
Gal-Ga2 2.7730(19) 2.7746(2)
Angles (°)
Cuboctahedra
Gal-Tb-Ga2 ( x 4) 54.05(4) 54.20(4)
Gal-Tb-Ga2 (x 4) 90.0 90.0
Gal-Tb-Ga2 ( x 4) 125.959(4) 125.80(6)
Octahedra
M-Ga2 (x 6) 2.544(3) 2.5341(3)

smallest coefficient. Elemental analysis was performed
using a Hitachi S-3600N Variable Pressure Scanning
Electron Microscope (VP-SEM) with integrated energy
dispersive spectroscopy (EDS) capabilities.

2.3. Property measurements

Transport and magnetic measurements were per-
formed on single crystals of TbyMGa;,.The electrical
resistance was measured by the standard 4-probe AC
technique at 27 Hz with a current of 1 mA. 1-mil Pt wires
were attached to the sample with silver epoxy. The
magnetic susceptibility measurements were made using a
commercial magnetometer (Quantum Design). The
samples were zero-field-cooled (ZFC) to 2K and then
warmed to room temperature in a constant DC field of
1000 G.

3. Results and discussion
3.1. Structure

The structures of TbyMGa;, (M=Pd, Pt) are
provided in Fig. 1. TbyMGa,,, (M=Pd, Pt) of the
Y4PdGa,-structure type [27] crystallize in the cubic
Im3m space group (No. 229) with Tb, Pd, Gal, and Ga2
occupying the 8c, 2a, 12d and 12e sites, respectively. The
crystal structure consists of corner-sharing MGag
octahedra and TbGajz cuboctahedra alternating along
both the ab-plane and the c-axis. The bonding distances
in the cuboctahedra are listed in Table 3.

The MGag octahedron in TbyMGa,, (M =Pd, Pt) is
isostructural to the AgCag octahedron in the AggCaj
structure type, a body centered cubic cell [31]. The
Pd-Ga interatomic distance in the octahedra in
TbsPdGa,, is 2.540(4)A, which is shorter than the
summation of the covalent radii for Pd (1.37 A) and Ga
(I.ZZA) [32]. The Pt-Ga interatomic distance in the
octahedra in TbyPtGa,, is 2.5341(3) A, which is within
the expected interatomic distance of 2.61 A from the
summation of the covalent radii of Pt (1.32 A) and Ga
(1.22 A) [32]. The experimental interatomic distances in
Tou,MGa;, (M=Pd, Pt) are comparable to M-Ga
(M =transition metal) interatomic distances in the
M-Ga octahedra} of CegPd,4Ga which range from
2.633 to 2.927A [33,34]. The Pd-Ga distance is
2.5609(4), 2.635(7), and 2.623(5)A in CePdGag,
TbPdGa, and ErPdGa, respectively [11,22]. Similar to
REFeGaj,_,Ge, [26] and R4MGa;, (R=Gd-Lu;
M=Ni, Pd) [27], the transition metal in TbyMGa,,

Fig. 1. The crystal structure of Tb,PdGa;, is shown above. TbGaj;
cuboctahedra are shown in dark gray and PdGag octahedra are shown
light gray. Ga atoms are shown as white circles.
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(M =Pd, Pt) occupy a unique crystallographic site (2a).
However, in RE4M;Gegs (M =Ru, Os, Rh, Ir) [35],
MyCo,Ges (M=Zr, Hf) [36], Np4Ru,Gegs [37],
ScaM-Geg [38] and UyRe;Sig [28] the transition metal
occupies two crystallographic sites (2a and 12d). The
transition metal in gallium containing compounds tends
to occupy the 2a crystallographic site, as is the case in
TbsMGa;,. Indeed, when gallium is present the transi-
tion metal occupies the crystallographic site with the
lowest multiplicity, while the higher multiplicity site is
stabilized with gallium [26].

The Tb cuboctahedra in TbyPdGa,, is composed of
six Tb—Ga(1) distances of 3.03844(18)}1 along the a-b
axis and six Tb—Ga(2) distances of 3.0641(4) A along the
c-axis. These distances are comparable to the inter-
atomic distances expected from the summation of the
atomic radii for Tb (1.75 A) and Ga (1.26 A) [32], as well
as, the typical interatomic distances in TbGa, [39] and
TbGag.However, the cuboctahedra found in LaMIns
are composed of 4 x La—In(1) and 8 x La—In(2) [40].
The La-In2/La-Inl ratio of distances in the cubocta-
hedra is 1.0110, 1.0000, and 0.99720 for LaColns,
LaRhlIns, and Lalrlns, respectively indicating the Rh
compound is the least distorted [40]. The ratio between
the Tb—-Ga2 and Tb-Gal distances in Tb,PdGa,, is
1.000845 and 1.00813 in TbsPtGa,,, indicating that the
cuboctahedra in these phases are highly symmetric.

The Ga-Ga interatomic distance is 2.7730(4) and
2.7746(2) A for Tb,PdGa,, and Tb,4PtGa,,, respectively.
Both of these are longer than the interatomic distances
expected by the summation of the covalent radii
previously mentioned, but they are well within the
range of 2.297(5)-2.830(7) A distances reported in
CeGag,[41] CeGa,,[42] and CePdGag [11].

3.2. Physical properties

Fig. 2 shows the temperature dependence of the
susceptibility for Tb4PdGa,, taken in a constant field of
1000 G. The antiferromagnetic transition with a Neéel
temperature at 7n=16K is very sharp, and a second
transition is observed near 2.1K. Above Ty the
susceptibility obeys the Curie-Weiss law, and the linear
behavior expected in 1/y vs. T is shown in the inset of
Fig. 2. Fitting the data to the following form: y(7) =
C/(T—0), we find an effective magnetic moment of
7.6 ug per Tb ion and a Weiss temperature 6 =—31.5K,
indicating strong antiferromagnetic correlations. The
effective  moment is somewhat smaller than that
expected for Tb>* (9.7 up) but is close to the value for
Tb** (7.9 up).

Fig. 3 shows the temperature dependence of the
magnetic susceptibility for TbsPtGa;,. A sharp anti-
ferromagnetic transition takes place at Tn=12K, and,
as in the Pd compound, a smaller transition appears
near 2K From the Curie—Weiss fit (inset Fig. 3) we
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Fig. 2. The susceptibility of TbyPdGa,, as a function of 7' measured at
1000G. The inset figure shows the inverse susceptibility versus
temperature of TbyPdGa,,.
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Fig. 3. The susceptibility of Tb4PtGa,, as a function of T, measured at
1000 G. The inset figure shows the inverse susceptibility versus
temperature of TbyPtGa,.

obtain an effective magnetic moment of 6.2 up per Tb
ion and a Weiss temperature 6 =—25.8 K. In this case,
the effective moment is smaller than what is expected for
either Tb>" or Tb*". Therefore, the Tb valence in
TbyPtGa;, cannot be deduced from the susceptibility
measurements. Experimentally measuring an effective
moment below the full Hund’s rule value is not
uncommon in Tb compounds [20,21]. Neutron diffrac-
tion and specific heat measurements in magnetic field
will be useful in determining the magnetic structure of
these two compounds and are planned for the near
future.
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Fig. 5. The magnetization M of TbsPtGa, as a function of field,
measured at 2K.

The field-dependent magnetization at 2K for
Tb,PdGa,, is shown in Fig. 4. The magnetization has
not saturated at 9 T, and a non-hysteretic metamagnetic
transition is observed at +5T. For Tb,PtGa,, the field-
dependent magnetization is shown in Fig. 5. Again, the
magnetization is not saturated at 9 T and metamagnetic
transitions can be seen at +0.3T. This transition is
hysteretic in field (inset Fig. 5). Similar hysteresis loops
have been observed in other Tb compounds, such as
TbGa, [24].

The electrical resistivity of single crystals of
TbsPdGa,;, and Tb,PtGa,, is shown as a function of
temperature in Fig. 6. The samples are metallic
(dp/dT >0), with residual resistance ratios (RRR) of 4
and 7 for TbyPtGa;, and TbsPdGa,,, respectively. A
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Fig. 6. The electrical resistivity of TbsPdGa;, (solid circle) and
Tb4PtGa;, (open circle) as a function of temperature.

kink in the resistivity is observed for each compound
near its antiferromagnetic ordering temperature, indi-
cating a decrease in the spin-disorder scattering.

The structure and preliminary magnetization studies
warrant further investigation. It would be of interest to
grow the high temperature polymorph of TbGaj [43],
which is isostructural to the antiferromagnetic heavy
fermion Celn;. Compounds of the R4MGa,, structure
type can provide the opportunity to compare the
influence of the rare earth atom in the cuboctahedra
coordination. High pressure and ambient pressure heat
capacity experiments are in progress.
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