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ABSTRACT: The A,M,U4Q,; compounds Rb,Pd,UsS,;;,, Rb,Pd,UsSe,,,
Rb,Pt,UsSe;;, Cs,Pd UcS,; Cs,PdUsSe;;, and Cs,Pt,UgSe;, were synthesized by
the high-temperature solid-state reactions of U, M, and Q_in a flux of ACI or Rb,S;.
These isostructural compounds crystallize in a new structure type, with two formula
units in the tetragonal space group P4/mnc. This structure consists of a network of
square-planar MQ,, monocapped trigonal-prismatic UQ,, and square-antiprismatic
UQ; polyhedra with A atoms in the voids. Rb,Pd,US,; is a typical semiconductor, as
deduced from electrical resistivity measurements. Magnetic susceptibility and specific
heat measurements on single crystals of Rb,Pd,U,S,, show a phase transition at 13 K,
the result either of antiferromagnetic ordering or of a structural phase transition.
Periodic spin-polarized band structure calculations were performed on Rb,Pd,US,,
with the use of the first principles DFT program VASP. Magnetic calculations included
spin—orbit coupling. With U f-f correlations taken into account within the GGA+U
formalism in calculating partial densities of states, the compound is predicted to be a
narrow-band semiconductor with the smallest indirect and direct band gaps being 0.79 and 0.91 eV, respectively.

B INTRODUCTION There appear to be no examples of ternary compounds
containing Pt, U, and Q (Q = S, Se, or Te). With the exception
of the A,M;UQg compounds, there are no examples of
quaternary compounds containing Pd or Pt, U, and Q. To
take further advantage of the unique coordination environ-
ments available to Pd and Pt, we have synthesized and

Compounds containing both uranium and a chalcogen display
varied physical properties, especially magnetic behavior,
depending on the interatomic U---U distances and the
coordination environment of U. The U--U distances affect

whether or not long-range magnetic ordering occurs, whereas characterized six new quaternary A,M,U¢Q,, compounds, and
the coordination environment produces an array of effects we report the results here.

collectively referred to as crystalline electric field effects.

Exploration of the ternary and quaternary uranium chalcoge- B EXPERIMENTAL METHODS

nide systems has yielded compounds that differ in the values of Syntheses. U filings (Oak Ridge National Laboratory) were
these two parameters, but there remain many unexplored powdered by hydridization and subsequent decomposition under heat

and vacuum® in a modification of a previous literature method.” Rb,S,
flux was synthesized by the stoichiometric reaction of Rb (Strem, 99%)
and S (Mallinckrodt, 99.6%) in liquid ammonia at 194 K. All other

combinations. The strong preference for square-planar
coordination of the platinum-group metals offers a way to

affect the coordination environment of U, especially when the reagents were used as obtained: Pd (Johnson Matthey, 99.94%), Pt

MQ, units edge-share with the U-containing polyhedra. wire (Omega Engineering, 0.25 mm diameter, 99.95%), RbCl (Alfa,
We recently reported a series of quaternary uranium 99.8%), CsCl (two batches: (1) Aldrich, 99.9%; (2) MP Biomedicals,

palladium and platinum chalcogenides, A,M;UQ; (A = K, 99.9% Optical grade), and S? (Cerac, 9?-999%).-

Rb, Cs; M = Pd, Pt; Q = S, Se),l’z which crystallize in the All r‘e'actants were loaded into 6 mm inner-diameter carbon-coated

3 . fused-silica tubes in an argon-filled glovebox. The tubes were removed,

NaBa,Cu;05 structure type.” These compounds contain and then flame-sealed under 107> Torr vacuum. They were then

square-planar PdSe, or PtSe, units that edge-share with placed in a computer-controlled furnace and heated as detailed below.

trigonal-prismatically coordinated USeg units. This coordina- The crystals are black, hard, brittle, and air- and water-stable. They

tion environment for U was found in another chalcogenide

compound, Ba,Cr,USy,* and a distorted version of this Received: April 27, 2012

coordination environment was found in CsgHf{UTey 4. Published: August 3, 2012
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Table 1. Crystal Data and Structure Refinements”

Cs,Pt,UgSe,,
fw (g mol™") 3816.68
a (A) 10.6744(3)
c(A) 13.3691(4)
vV (A% 1523.31(8)
p. (g em™) 8.321
u (mm™") 72714
R(F)* 0.0206
R, (E2)° 0.0396
q° 0.0167

Cs,Pd,UgSe,
3461.92
10.7732(2)
13.3032(2)
1543.99(5)
7.446
55.968
0.0280
0.0700
0.022

Cs,Pd,UgS,, Rb,Pt,USe,,
2664.62 3721.8
10.4277(1) 10.5591(1)
12.7769(2) 13.4043(2)
1389.32(3) 1494.51(3)
6.37 8271
41.206 74.95
0.0148 0.0304
0.0305 0.0630
0.0136 0.0309

Rb,Pd,U,Se,,
3367.04
10.6730(2)
13.2822(2)
1513.01(5)
7.391
57.939
0.0165
0.0377
0.0123

RbZPd4Uésl7
2569.74
10.3218(1)
12.7302(3)
1356.27(4)
6292
43.131
0.0211
0.0526
0.0106

“For all structures, T = 100(2) K, 1 = 0.71073 A, Z = 2, and the space group is D}, — P4/mnc. YR(F) = 3||E,| = IE||/ZIF,| for E,> > 26(F.2).

‘R,(F.}) = {Z w(E,2 — F2)?*/T wE,*}V2 For F? < 0, w! = ¢*(F,%); for E,2 > 0, w ' = ¢*(F,%) + (qF. )%

Table 2. Selected Interatomic Distances (A) for A,UM,Q,,"

Cs,Pt,UgSe;, Cs,Pd,UgSe;, Cs,Pd,UcS,, Rb,Pt,UgSe,, Rb,Pd,UcSe;, Rb,Pd,US;,

U1-Q2 X 2 2.8144(6) 2.7996(4) 2.678(1) 2.8201(7) 2.8011(5) 2.680(1)
U1-Ql X 2 2.8891(6) 2.8980(4) 2.786(1) 2.8877(6) 2.8927(5) 2.777(1)
U1-Q3 2.9080(3) 2.8969(2) 2.8021(2) 2.9040(3) 2.8965(3) 2.7968(3)
Ul-Ql X 2 2.9657(6) 2.9601(4) 2.834(1) 2.9564(6) 2.9502(5) 2.823(1)
U2-Q2 X 4 2.8932(5) 2.8764(3) 2.753(1) 2.9166(6) 2.8947(5) 2.762(1)
U2-Ql X 4 3.0003(S) 3.0263(3) 2.924(1) 2.9717(6) 2.9960(5) 2.887(1)
M1-Q2 X 2 2.4708(6) 2.4574(4) 2.342(1) 2.4709(7) 2.4586(6) 2.341(1)
M1-Ql X 2 2.4748(5) 2.4766(4) 2.364(1) 2.4829(7) 2.4805(6) 2.363(1)
A1-Q2 X 4 3.4850(8) 3.4530(4) 3.359(1) 3.418(1) 3.3758(6) 3.279(1)
Al-Ql X 4 2.5100(8) 3.6924(4) 3.634(1) 3.433(1) 3.6283(7) 3.573(2)
A1-Q3 3.416(1) 3.7276(5) 3.6442(5) 3.370(2) 3.676(1) 3.589(1)
A2-Q2 x 4° 3.4054(7) 3.332(1)

A2-Q2 x 4° 3.8381(9) 3.731(2)

Q-—Q (shortest) 3.4231(7) 3.4553(5) 3.305(2) 3.4063(9) 3.4426(7) 3.300(2)

“Atoms have the following site symmetries: U1 (m); U2 (2.22); M1 (m); Al (4); A2 (4); Q1 (1); Q2 (1); Q3 (4/m..). “Only found in compounds

with alkali-metal positional disorder.

were washed with water or DMF, except where noted. EDS analyses
on single crystals with a Hitachi S-3400 SEM indicated the presence of
the four elements appropriate for each compound and no perceptible
amount of others.

Rb,Pd,U¢S;;. A mixture of U (0.126 mmol), Pd (0.378 mmol), S
(0.504 mmol), and RbCI (1.260 mmol) was heated to 1023 K in 96 h,
held there for 192 h, cooled to 723 K in 96 h, then cooled to 298 K in
98 h to yield small, truncated, rectangular prisms in S—10 wt % (based
on U). A single crystal was selected for the X-ray diffraction
determination of the structure. In another preparation, a mixture of
U (0.126 mmol), Pd (0.084 mmol), S (0.504 mmol), Rb,S; (0.042
mmol), and RbCl (1.654 mmol) was heated to 1023 K in 96 h, held
there for 192 h, cooled to 873 K in 96 h, cooled to 723 K in 96 h, then
cooled to 298 K in 24 h to afford small crystals and several large
rectangular blocks suitable for single-crystal magnetic susceptibility
measurements in about 50 wt % yield.

Rb,Pd,U¢Se;;. A mixture of U (0.084 mmol), Pd (0.252 mmol),
Se (0.504 mmol), and RbCl (1.008 mmol) was heated to 1223 K in 48
h, held there for 192 h, cooled to 773 K in 96 h, then cooled 298 K in
98 h to yield tapered needles and rectangular prisms in 5—10 wt %
yield. Crystals were mechanically separated from the melt.

Rb,Pt,UcSe;;. A mixture of Rb,Se; (0.126 mmol), U (0.126
mmol), Pt (0.126 mmol), and Se (0.504 mmol) was heated to 1223 K
in 96 h, held there for 192 h, cooled to 773 K in 96 h, then cooled to
298 K in 24 h to yield a few tapered black needles of Rb,U¢Pt,Se;,.
Rb,Pt,USe was synthesized in the same tube at about 20 wt % by U.”

Cs,Pd,U¢S,7. A mixture of U (0.084 mmol), Pd (0.252 mmol), S
(0.504 mmol), and CsCl (1) (1.008 mmol) was heated to 1273 K in
48 h, held there for 24 h, cooled to 1173 K in 96 h, cooled to 673 K in
288 h, then cooled to 298 K in 96 h to yield rectangular prisms in 5—
10 wt % yield.
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Cs,Pd,U¢Se; ;. A mixture of U (0.126 mmol), Pd (0.126 mmol), Se
(0.378 mmol), and CsClI (2) (0.445 mmol) was heated to 1173 K in
12 h, held there for 6 h, cooled to 1073 K in 12 h, and held there for
over 96 h. The furnace was then shut off and allowed to come to room
temperature to yield large tetragonal prisms in about 70—80 wt %
yield.

Cs,Pt,UqSe; ;. A mixture of U (0.126 mmol), Pt (0.126 mmol), Se
(0.378 mmol), and CsCl (2) (0.445 mmol), heated as for
Cs,Pd,UgSe,;, afforded small tetragonal prisms, along with large
amounts of microcrystalline powder of Cs,Pt,U4Se, in about 70—80
wt % yield.

Structure Determinations. For Rb,Pd,UsS,;, Rb,Pd,UsSe,,,
Rb,Pt,UgSe;;, and Cs,Pd,UgS,;, X-ray diffraction data were collected
from single crystals on a Bruker APEXII platform diffractometer. The
data were collected as @ scans at ¢ values of 0°, 90°, 180°, and 270°.
Each scan consisted of 606 frames. The counting times were 15 s/
frame for Cs,Pd,U¢S;;, 10 s/frame for Rb,Pd,UsSe;; and
Rb,Pd,US,;, and 20 s/frame for Rb,Pt,UcSe,,. For Cs,Pd,UsSe,,
and Cs,Pt,U,Se,,, data were collected on a Bruker APEXII KAPPA
diffractometer, and collection strategies were devised using COSMO
in APEX2’ Counting times were 10 s/frame and 30 s/frame,
respectively. For all compounds, the detector distance was 60 mm,
frames were 0.3° in width, and the initial 50 frames were recollected at
the end to check for crystal degradation—none was noted. Cell
refinements and data reductions were carried out with SAINT in
APEX2.” Examination of the data showed no evidence for supercells.
Numerical face-indexed absorption corrections were applied using
SADABS."® Structure determinations were carried out by direct
methods with XS and least-squares refinements were carried out with
XL of the SHELX"' package. Secondary corrections for extinction
were applied. The atomic positions were standardized using
STRUCTURE TIDY" in PLATON." Crystallographic details are
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given in Table 1, and selected metrical details are given in Table 2.
Additional information is in the Supporting Information.

Magnetic Measurements. A large crystal of Rb,Pd,US,, was
selected for magnetic measurements. It was washed with DMF and
water, and then large surface impurities were mechanically removed
under oil. It was rinsed with hexanes, briefly soaked in concentrated
HNO; to remove smaller impurities, rinsed with water, and then with
acetone. The rectangular-parallelpiped-shaped crystal had a mass of 4.0
mg. The crystal faces were indexed by diffraction measurements on a
small piece of crystal that was broken off the large crystal. The two
basal plane axes are crystallographically equivalent, and the a and b axis
are arbitrarily assigned to the medium and shortest edges of the crystal,
respectively.

Detailed magnetic susceptibility measurements were taken on a
Quantum Design MPMS XL-7 SQUID magnometer. The crystal was
glued to a quartz rod with GE7031 varnish. Both field-cooled and zero-
field cooled magnetic susceptibility data were collected. The results
were identical, ruling out ferromagnetism. Measurements were taken
along the three crystallographic axes. Magnetization data as a function
of external field were also collected. The crystal was mounted on a
horizontal rotator probe to study the angular dependence at fixed
temperatures and external fields.

Electrical Resistivity Measurements. The electrical resistivity of
the crystal used in magnetic measurements was measured with
standard four-probe techniques. Four Au wires were attached with
carbon paint along the ¢ axis. A Keithley 6221 current source and a
Keithley 2182 nanovoltmeter were used to measure the resistivity. A
total of 50 nA of alternating current was applied using the current
source, and the voltage drop was measured using the nanovoltmeter.

Specific Heat Measurements. The same crystal was used in
specific heat measurements. The specific heat was measured using a
Quantum Design PPMS by gluing the crystal on the platform with a
thin layer of grease. An addendum including the platform and grease
was measured beforehand. The specific heat was measured under high
vacuum by fitting the temperature response to a heat pulse and
subtracting the addendum.

Theoretical Calculations. As a simple empirical measure of
oxidation state, bond valences were calculated for Rb,Pd,U,S,, from
standard parameters.14 The bond valence of an atom, V, is defined as
the sum of the individual bond valences, v;, surrounding the atom: V =
Y, . Individual bond valences were calculated from experimental
bond lengths, R;, and empirical parameters, Ry, which are unique to
each atom pair: v; = exp[(Ry, — R;)/0.37]. The parameter R, for the
atom pairs U—S, Pd—S, and Rb—S was 2.56, 2.10, and 2.70 A,
respectively.'*

Periodic spin-polarized band structure calculations were performed
on Rb,Pd,US,; with the use of the first principles DFT program
VASP (Vienna ab initio simulation package); pseudopotentials were
applied with a plane-wave basis.">™'® The exchange correlation
potential was chosen as the generalized gradient approximation
(GGA) in a projector augmented wave (PAW) method."”” Some
additional self-consistent field (SCF) calculations also included spin—
orbit coupling (SOC) to explore effects on energy bands, cohesive
energy, and magnetic structures. In order to treat effects of intra-
atomic U S5f correlations on band gaps, some post-SCF calculations
were performed in the GGA+U formalism.*® Automatically generated
Monkhorst—Pack grids were used to carry out Brillouin zone
integrations.”* Additionally, 5 X 5 X § k-point meshes were chosen
for relaxations, total energy calculations, establishing convergence,
energy comparisons, and DOS analysis. Ionic relaxation convergence
was established when Hellmann—Feynmann forces on each ion
relaxed below 0.02 €V/A. With inclusion of SOC, the spin density was
now coupled to the orbital angular momentum; hence, the positive (a)
and negative (ff) magnetization densities were coupled to the lattice
vectors, and both spin (M;) and orbital (M, ) contributions to the total
magnetization (M;) were calculated. The point group symmetry of the
noncollinear magnetic moments was maintained as C,;, in all SOC
calculations.*

In the calculations, the electrons described as core in the PAW
potentials were those composed of [Xe] 5d'%4f'* for U, leaving 14
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valence elections per atom as Sf 36s’p®d'7s% [Ar] 3d'%4s? for Pd,
leaving 16 valence electrons as 4pSd'% [Ar] 3d'%4s* for Rb, leaving
seven valence electrons as 4p®3s'; and [Ne] for S, leaving six valence
electrons as 3s’p*. Calculations were conducted on the 68-atom
periodic crystallographic unit cell in the tetragonal space group P4/
mnc; atomic positions within the fixed 100 K unit cell were relaxed to
their lowest energy positions.

Five magnetic models (four antiferromagnetic and one ferromag-
netic) were constructed for a single crystallographic unit cell. The
ordering can be seen in Figure 1. In the first, AFL all closest U-~U

AFI AFII AFIII AFIV F
lager WY v AY  avY AY v Y Y Adh Ak
s - 5 5 = o v 4 .
A A i
N R I M R C R P S | R R B
v | 4T T 144! 45 Ty
ak ) B ! A
34 Vg Ae yovd Ao gy oafd Te ki oye Yo Wy ud ke W4
o Ay vi AY v Ay v Ak ik Ad  ad

Figure 1. Magnetic ordering of U atoms in Rb,Pd,US,,; used in
calculations. Only U atoms are shown. View down [010]. Red triangles
represent spin up, and blue represent spin down.

interactions had opposite spins. In the second, AFII, U atoms in layers
two and four were aligned as in model AFI and half the atoms in layers
one and three were aligned as in model AFI with the other half having
the opposite spin. In the third, AFIII, U atoms in layers one and two
were aligned as in model AFI and U atoms in layers three and four
were aligned opposite to those in model AFL In the fourth, AFIV, the
cell was divided into two halves with U atoms in layers one and two
having the same spin and U atoms in layers three and four having the
opposite spin. In the fifth, F, all U atoms were aligned ferromagneti-
cally. During the course of self-consistent spin-polarized calculations,
all moments were given freedom to relax. As a result, some of the AF
states just described proved to be unstable, tending to a ferrimagnetic
solution, as described in the Discussion.

B DISCUSSION

Syntheses. With the exception of Cs,Pd,USe;; and
Cs,Pt,UsSe,,, yields were low, with black hexagons of
MQ,>*** and poorly formed black needles of SUQ,* as
the primary crystalline products. Such behavior is typical for
kinetically stable products, where the main products are the
thermodynamically stable binary side products.

Structure. The A;M,U4Q;, compounds crystallize in a
previously unreported structure type with two formula units in
the tetragonal space group P4/mnc (Table 1 and Figure 2). The
shortest interatomic Q:+-Q_distances (Table 2) are much longer
than a typical single Q—Q bond distance of 2.1 A for S and 2.3
A for Se;*” consequently, there is no Q—Q bonding. Charge
balance can thus be achieved by assigning the formal oxidation
states A*, U*, M**, and Q.

The structure of representative Rb,Pd,US;, is best under-
stood by slicing it into layers parallel to (001). The first layer,
%[Pd,U,S,;] (Figure 3), is composed of [Pd,U,S,s] units
centered at the origin. Each unit contains four monocapped
trigonal-prismatic U1S, and four square-planar Pd1S, units.
The [Pd,U,S,s] unit has 4-fold rotational symmetry. The four
UIS; units share the capping S3 atom, which sits at the origin.
Each U1S; unit shares two triangular faces on the cap, one with
each neighbor. The two rectangular faces of the U1S, units are
perpendicular to the basal plane. The four edges common to a
rectangular face and a capping face are also shared with Pd1S,
units. The planes of the Pd1S, units are coplanar with the
central capping S3 atom. This [Pd,U,S,s] unit can be
compared to a wheel with spokes. The unit is rotated so the
spokes are about 20° from the a and b axes. Each [Pd,U,S,;]
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Figure 2. Structure of Rb,Pd,U,S,; structure viewed down [010]. Rb
atoms are blue, U1 atoms are black, U2 atoms are brown, Pd atoms are
green, and S atoms are orange.

-

Figure 3.2, [Pd,U,S,,] layer at z = 0 viewed down [001]. Ul atoms
are black, Pd squares are green, and S atoms are orange.

unit is connected to four adjacent units by sharing the far edge
of the Pd1S, units with the U1S, edge common to the two
rectangular faces. Large voids remain at (1/2, 1/2, 1/ 2).

The second layer, [Rb,U,S,s] (Figure 4), contains U2Sg
square antiprisms and Rb1S, monocapped square antiprisms.
These units are arranged in a checkerboard pattern, where the
U2S; units are the black squares, and the Rb1S, units are the
white squares. These units edge-share along the “crowns” of the
antiprisms, on edges shared by triangular faces. The Rb1S, units
are further divided into two square sublattices. In one, the cap
points upward, whereas in the other, it points downward.

The third layer is as the first layer but inverted such that the
Rb-capping S3 atom of the other square lattice is over the large
void left in the first layer, when looking down [001]. Also, the
Pd squares are rotated 70° from the a and b axes (Figure 5).

The fourth layer is like the second layer but is also inverted
relative to the second layer. As a result, the Rb1S, sublattices
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Figure 4. [Rb,U,S (] layer at z = 0.25 viewed down [001]. Rb atoms
are blue, U2 atoms are brown, and S atoms are orange.

Figure 5. Stacking of 2[Pd,U,S,;] layers. 2[Rb,U,Sc] layers are
omitted. Ul atoms are black, U2 atoms are brown, Pd atoms are green,
and S atoms are orange.

alternate, i.e., where the Rb1S, cap points upward; in the next
layer the Rb1S, cap points downward.

The layers are connected as follows: The Pd1S, edges in the
basal plane are shared with the square face of the U2Sg square
antiprisms in both adjacent layers. That is, the U2Sg square
antiprism shares two parallel edges on each square face with
Pd1S, units. The S3 atom is shared among four U1S, units and
two Rb1S, units. Each of the four triangular capping faces of
the Rb1S, unit is shared with a U1S; unit.

The coordination environments of the U atoms are shown in
Figure 6. Monocapped trigonal-prismatic coordination (Figure
6a) may be considered a distortion of the seven-coordinate
triangle+rectangle found in PdU,S, and also U;Ss.***’ Square
antiprismatic coordination (Figure 6b) has not been previously
reported for uranium chalcogenides but is found in other
uranium compounds such as CaUOP.*

Interatomic distances are typical for the coordinations and
valencies of the metals: U1—S, distances range from 2.680(1) A

dx.doi.org/10.1021/ic300865y | Inorg. Chem. 2012, 51, 88738881



Inorganic Chemistry

(2) S2

Figure 6. Coordination environments of Ul (a) and U2 (b) in
Rb,Pd,UsS, .

to 2.823(1) A vs 2.663 A to 2.858 A in U,S;*® U2—S; distances
range from 2.762(1) A to 2.887(1) A vs 2.709(3) A to 3.033(4)
A in FeU,S,,;*" nine-coordinate Rb1—S distances range from
3279(1) A to 3.589(1) A vs 3.34(1) A to 3.3782(8) A in
Rb,AuSbS,;** and square-planar Pd1—S distances of 2.341(1)
A to 2.363(1) A do not differ from those of 2.32 A to 2.36 A
found in Cs,Pd,S,.**

In Rb,Pt,UsSe;; and Cs,Pt,UcSe;,, the A atom disorders
over two positions, Al and A2, along the c¢ axis. Taking
Rb,Pt,USe;, as an example, the Rb2 site is 0.799(5) A away
along the ¢ axis from its symmetry equivalent generated by a
mirror plane (Rb2’). The Rb2 site is within two crystal radii**
of the Rbl site, so the Rb2 and the Rbl sites cannot be
occupied simultaneously (Figure 7). The same applies to Rb2’

Rbl Rb2 Rb2' Rb1'

2.932(3) A
U 3TIR)A .
' 6.664(4) & :
—

\ 0.799(5) A

Figure 7. Schematic of the Rb atom disorder in Rb,Pt,USe,,. The
only possible arrangements are Rbl and Rb2" or Rb1’ and Rb2.

and Rb1’. Instead, only Rb1 and Rb2 sites on opposite sides of
the mirror plane may be occupied simultaneously, i.e., either
Rbl and Rb2’ or Rbl’ and Rb2. All of the atom pairs are
disordered in this manner. The closest distance between Rb
atoms in different atom pairs is 6.741(4) A. Examination of the
data shows no evidence of long-range order. The Al—Se
distances are shorter in A,Pt,UsSe;, than in A,Pd,UsSe,, as
seen in Table 2, consistent with the reduced occupancy of the
Al site. Although it is not clear why there is this disorder only
in Rb,Pt,USe;; and Cs,Pt,UgSe;-, the only factor unique to
these compounds is the presence of Pt.

Electrical Resistivity of Rb,Pd,U4S,;. Figure 8 shows the
temperature dependence of the electrical resistivity of
Rb,Pd,U,S,, along the ¢ axis. The temperature dependence
shows typical semiconductor behavior. The plot was fit to the
Arrhenius formula for thermally activated electrical conductiv-
ity, p(T) o e®/T) where E, is the activation energy. The slope
of the linear fit of Inp versus 1/T corresponds to E, = 0.09 eV.

Magnetic Susceptibility and Specific Heat of
Rb,Pd,UcS;;. A plot of y(T) vs T for Rb,Pd,US;, is
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T(K)
300 250 200 150 100
8F RbUPAS,
1 g
= o
5 6 c
c <
< jo1 ¢
4
E, Ik;= 1000 K, £, =0.09 eV
2 1 1 1 1 1 1 3 001
4 5 6 7 8 9 10

T (1000/K)

Figure 8. Electrical resistivity (p) versus T of Rb,Pd,US,,. Both the
linear plot of Inp versus T~ (bottom-left) and the nonlinear plot of p
versus T (top-right) correspond to the curve shown. The solid line
corresponds the linear fit of the In p versus T~ plot.

presented as an inset in Figure 9. The plot contains a large peak
at 16 (17) K, along the a (or b) and c axes. The shape of the
curve is characteristic of antiferromagnetic ordering, though the
peak lacks the sharp cusp typically seen for such ordering. The
peak temperature decreases with increased external field
(inset). The data above the peak were fit to the modified
Curie—Weiss law, y = C/(T — 0) + y,, by plotting ' against T
(Figure 9), where 0 is the Weiss temperature, y, is the
temperature-independent magnetic susceptibility, and C is the
Curie temperature. The effective magnetic moment is given by
the relationship g, = (8C)"% These fitting parameters are
tabulated in Table 3.

The effective magnetic moments of 2.36—2.45 g, though
less than the free-ion value for U*" of 3.6 iy, are not unusual in
inorganic compounds. For instance, in Ba,Cu,US;, the
magnetic moment of U* is 2.69(2) > and in Cu,UsS,, it
is 2.50 py.>® Crystalline electric field (CEF) effects were cited as
the source of the reduced magnetic moments for these
compounds. The compound Rb,Pd,UsS;, is a semiconductor,
and hence, the f electrons are localized. Thus, we conclude that
the reduced magnetic moment results from CEF effects.

Heat capacity measurements were carried out to investigate
the thermodynamic origin of the magnetic susceptibility peak
(Figure 10). The A-shaped jump of the heat capacity with a
peak at 13.0 K suggests that the magnetic susceptibility
maximum is indeed the result of a phase transition involving
long-range ordering. The entropy change (AS) associated with
the phase transition was determined from the relation AS =
[ (CP — Cph) /T dT, where C,, is the lattice contribution to the
heat capacity. Using an empirical curve for the lattice
contribution shown in Figure 10, we obtained AS = 0.5 R (R
= 8.31 J/K mol). For long-range ordering of magnetic ions with
total angular momentum J, AS is expressed as AS = R1In (2] +
1). In Rb,Pd,U;S,,, there are six U atoms in the formula unit,
which leads to AS =6 R1In (2] + 1) for a complete ordering of
the six U* moments. Then, we can estimate the ] value by
equating this formula to the observed AS value of 0.5 R to
obtain ] = 0.04. This value is too low for a phase transition
involving long-range magnetic ordering, even when account is
taken of the reduced effective moment that results from CEF
effects.

Antiferromagnetic ordering is supported by the negative
Weiss temperature and its suppression by external fields. In this
case, the Néel temperature (Ty) may be lower than the
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Figure 9. y~' versus T along the three crystallographic axes of Rb,Pd,US,,. Linear fits are shown with solid lines. Magnetic susceptibility (y) versus
T along the three crystallographic axes is shown as an inset as is the change in susceptibility peak temperature as a function of applied field (H) along

the b and ¢ axes.

Table 3. Magnetic Behavior of Rb,Pd,US,,

¢ axis b axis a axis
Ty (K) 17 16 16
Ui/ U (1g) 2.36 243 245
0 (K) -32 —84 —-82
o (emu mol™ Qe!™) 46 x 1073 8.0 x 1073 7.5 % 1073
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Figure 10. Heat capacity of Rb,UsPd,S,, at zero magnetic field. The
inset shows the specific heat after the phonon contribution (Cph) is
subtracted (AC = G - Cph).

observed susceptibility peak temperature and should be close to
the peak temperature of the heat capacity. A value of Ty = 12.5,
closer to the heat capacity peak at 13 K, was more accuratel
determined by finding the peak of the d(yT)/dT vs T curve’
(Figure 11)

The weak anisotropy of the magnetic susceptibility below the
peak temperature occurs because either (1) the easy magnet-
ization axis does not coincide with any crystallographic axis or
(2) the spins are canted in the antiferromagnetic regime. Such
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Figure 11. d(yT)/dT as a function of temperature for Rb,Pd,U,S,.
The solid line is a guide for the eye.

behavior is also found in UPdSn.***’ Magnetization plots
(Figure 12) are insufficient to determine the cause of this
susceptibility decrease below the transition temperature. The
magnetization plots show divergence from linearity above 10
kOe along the a and b axes and 30 kOe along the ¢ axis; this is
indicative of a possible spin-flop-like transition. This divergence
occurs at lower fields along the a and b axes, suggesting the
antiferromagnetic easy axis is in the basal plane. The a- and b-
axis measurements are nearly identical, consistent with the
tetragonal symmetry of the structure. Minor magnetic
anisotropy is evident when comparing the c-axis measurement
to the a- and b-axis measurements.

Another possible source of the peak in the temperature
dependence of the specific heat is a structural phase transition
rather than a magnetic ordering transition. The small AS and
the weak anisotropy of the magnetic susceptibility below the
peak temperature are better explained by a structural phase
transition. Given that the crystals do not shatter as the
temperature is lowered, such a transition would most likely
have to be second order. Short of diffraction studies of
Rb,Pd,U¢S,, below the transition temperature, there is no clear
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choice to be made between a structural vs magnetic phase
transition.

Bond Valences. Calculated bond valence sums for
Rb,Pd,US,, for the atoms Rbl, Pd1, Ul, U2, S1, S2, and S3
are +1.30, +2.03, +4.07, +3.97, —2.05, —2.03, and —2.29,
respectively. The compound consequently may be written-
(Rb*),(Pd™)4(U*)s(8™),7-

Density of States. Plots of the partial densities of states
(PDOS) for each atom type in Rb,Pd,UgS;, for the spin-
polarized antiferromagnetic state AFII are presented in Figure
13. The figure compares the PDOS of a different element:
positive values are for spin up, negative values represent spin
down. The PDOS are further separated into contributions for
orbitals of s, p, d, and f character. It is well-known that the
introduction of intra-atomic U f-f correlations can open a gap
between the occupied and vacant f-states, correcting a defect in
the DFT ground state potential. The GGA+U scheme,* with a
single empirical parameter, is well suited for this purpose; post-
SCF calculations were performed with the Coulomb correlation
parameter U set to 4 eV for U f-states. As a result, the occupied-
vacant direct band gap opens to 0.91 eV, with both Pd and S
excited state features being pushed to higher energy along with
the U f-states. The indirect band gaps also increase, beginning
at 0.79 eV, leading to a prediction of a narrow-gap
semiconductor in agreement with experiment.

Except for the excited state band shifts, the PDOS shapes and
intensities are essentially identical for ground state and GGA+U
models. In the following, the GGA+U energies are reported.
The upper valence band states from 0 to —5 eV are almost
exclusively due to d-orbitals of Pd and p-orbitals of S; these
heavily overlap suggesting strong hybridizations between these
orbitals. At approximately —10 eV, one finds a narrow (~ 1 eV)
band with a large Rb p-orbital contribution and near zero
contribution from the S s-orbital. Starting at —11 eV, there is a
~ 2 eV band with only an S s-orbital attributed to mostly S—S
interactions. The lowest valence band occurs from —18 to —20
eV and consists of a large contribution from the p-orbitals of U
and a non-negligible contribution from S orbitals. The bands
from 1 to 3 eV above Eg consist mostly of U f-orbitals, with a
small contribution from Pd d-orbitals and S p- and d-orbitals.
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Figure 13. Density of states for Rb,Pd,U4S; in the antiferromagnetic
state AFII within the GGA+U formalism.

Magnetic Calculations. Spin-polarized calculations re-
sulted in the ferromagnetic state, F, as the lowest in energy
at —387.13 eV/cell. All antiferromagnetic states were higher in
energy. The relative energies of all five states can be found in
Table 4. Upon introduction of spin—orbit coupling (SOC), the

Table 4. Calculated Total Energies Relative to the Lowest
Energy Structure

Rb,Pd,U,S,, AFI AFII AFIII AFIV
AE® 0.86 0.79 171 0.18 0
AE? 0.40 0.38 0.90 0.20 0

“Spin polarized calculations. “Spin—orbit coupling calculations.

calculated absolute energies decreased by approximately 40 eV.
The ferromagnetic state was again lowest in energy at —425.44
eV/cell with all antiferromagnetic states being higher in energy.
The relative energies of all five states can be found in Table 4. It
is possible that a calculation involving a larger magnetic
supercell would reveal a lower antiferromagnetic energy state.
The final magnetizations reported in Table 5 show that AFI, II,

Table 5. Final Magnetization (py/U atom)

Rb,Pd,US,, AFI AFII AFIII AFIV F
all U atoms -0.30 —0.68 —0.14 0.00 1.74
all atoms -0.31 —0.70 -0.15 0.00 1.80
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and III were unstable to spin rotations into a ferrimagnetic
state. The initial self-consistent calculations (and energies given
in Table 4) represent metastable AF configurations.

Only AFIV resisted a small perturbation, which caused the
“decay” of AFIL II, and III. Although only very limited
experimentation was done with a potentially large number of
initial boundary conditions, we take the results to indicate a
tendency toward the F ground state, consistent with the
calculated energies. The U f charge and spin contributions were
calculated for each state by a spherical volume integration
(radius Ry = 1.50 A), giving an occupation of 2.49-2.52 €7,
essentially independent of magnetic state, as would be
expected. The U f spin moments vary considerably from one
state to another, indicating considerable mutual coupling,
possibly via superexchange through S ligands. For the F ground
state, the f spin ranges over 1.66—1.74 uy for inequivalent sites,
with a net spin moment of 22.09 pz. The effective moment per
U atom, 22.09/12 = 1.84 ug, shows a non-negligible
contribution of polarized Pd atoms, which is verified by an
integrated Pd spin moment of ~0.05 .

Spin—orbit coupling was treated post-SCF by a perturbative
method for a number of different initial moment orientations
and magnitudes. When the spin axis was constrained to lie
along the crystal c-axis, the “ferromagnetic” state was again
found to be lowest in energy. However, when the initial spin
axis was canted, e.g., along [100], then convergence to several
canted magnetic configurations with lower energy was found
with energy differences ~250 meV/cell. With present
limitations on the size of a magnetic unit cell and computa-
tional facilities, it is not feasible to carry out extensive searches
for the true ground state.

B CONCLUSIONS

Reactions of U, M, Q, and Rb,S; or ACI yield six compounds
with formulas A,M,U¢Q,; (A=Rbor Cs; M=PdorPt; Q =S
or Se). These compounds crystallize in a new structure type in
the tetragonal space group P4/mnc. This structure consists of a
network of square-planar MQ,, monocapped trigonal-prismatic
UQ, and square-antiprismatic UQg polyhedra with A atoms in
the voids.

Periodic spin-polarized band structure calculations were
performed on Rb,Pd,US,, with the use of the first principles
DFT program VASP. Magnetic calculations included spin—
orbit coupling. U f-f correlations were taken into account within
the GGA+U formalism in calculating partial densities of states.
The compound is predicted to be a narrow-band semi-
conductor with the smallest indirect and direct band gaps
being 0.79 and 0.91 eV, respectively.

The electrical resistivity of a single crystal of Rb,Pd,U¢S;,
along the ¢ axis shows typical semiconductor behavior with a
thermal activation energy of 0.09 eV. This result is in qualitative
agreement with PDOS calculations, which also predict
semiconductor behavior.

Even with extensive single-crystal magnetic measurements as
well as heat capacity measurements on Rb,Pd,US,,;, there
remain uncertainties about the behavior of the compound at
low temperatures. There is a peak at about 16 K in the
magnetic susceptibility vs temperature. Above 16 K, the data
may be fit to the modified Curie—Weiss law to afford values of
Mo/ U of 2.36—2.45 py . The negative Weiss constant and its
suppression by external fields are consistent with antiferro-
magnetic ordering. The weak anisotropy of the magnetic
susceptibility below the peak temperature could occur because
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the easy magnetization axis does not coincide with any
crystallographic axis. The magnetization plots show divergence
from linearity above 10 kOe along the a and b axes and 30 kOe
along the ¢ axis. This could arise from a possible spin-flop
transition, in turn because the easy axis was not aligned with the
external magnetic fields, which were placed along the
crystallographic axes. Alternatively, the weak anisotropy could
be a result of the spins canting in the antiferromagnetic regime.
The net result would be ferrimagnetism, which is supported by
the calculations.

The negative A-shaped jump of the heat capacity with a peak
at 13 K suggests to us that the magnetic susceptibility
maximum is indeed the result of a phase transition involving
long-range ordering. However, the derived total angular
momentum | = 0.04 is too low to be associated with long-
range ordering of magnetic ions. Another possible source of the
peak in the temperature dependence of the specific heat is a
structural phase transition rather than a magnetic ordering
transition. The small AS and the weak anisotropy of the
magnetic susceptibility below the peak temperature support this
argument. Short of diffraction studies of Rb,Pd,U¢S,, below the
transition temperature there is no clear choice to be made
between a structural vs a magnetic phase transition.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on August 3, 2012.
Figure 9 was revised and the corrected version was reposted on
August 6, 2012.
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