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The structures of the heavy-fermion compounds, Ce;Mlng (M = Rh, Ir), and the
nonmagnetic analogues, La;MIng (M = Rh, Ir), were determined by single-crystal X-ray
diffraction. These materials adopt a tetragonal structure in the space group P4/mmm, Z =
1. Lattice parameters are a = 4.6670(4) A and ¢ = 12.247(4) A for Ce,Rhlng, a = 4.6897(6)
A and ¢ = 12.1950(11) A for Cezlring, a = 4.6980(2) A and ¢ = 12.3440(4) A for La;Rhing,
and a = 4.70600(10) A and ¢ = 12.3120(4) A for La.lring. Antiferromagnetism and/or
unconventional superconductivity at low temperature have been found in CeColns, CeRhlns,
Celrlns, and Ce,Rhlng. We compare structural trends with properties of the ground states
of these materials. The Ln,MInz,+» (n = 1, 2, ; Ln = La, Ce; M = Rh, Ir) intergrowth
homologous series presents a unique opportunity to study structure—property relationships

in this new family of heavy-fermions.

Introduction

Superconductivity in heavy-fermion materials is un-
conventional because the conduction electrons are
strongly coupled with the magnetic moments of the
f-electrons.! At room temperature, heavy-fermion ma-
terials behave as normal metals in which the f-electrons
interact weakly with conduction electrons and display
local-moment magnetic properties, but at low temper-
atures (T < 20 K), unique and interesting properties
appear. The strong hybridization between conduction
electrons and f-electrons results in an enhanced linear-
in-temperature contribution to the Sommerfeld coef-
ficient of specific heat, v, (with y typically = 400 mJ/
mol K?2). This corresponds to the conduction electrons
having an effective mass that is typically 100 times that
of a free electron, hence the term, “heavy-fermion.” The
hybridization that produces heavy-fermion properties
derives from the local coordination of the f-electron ion.

The properties of the new intergrowth homologous
series, CenMInzn4+2 (N =1, 2; M = Co, Rh, Ir) have been
recently reported and present a unique opportunity to
investigate the structure—property relationships of
these heavy-fermion superconductors.3~> CeColns and
CelrlIns are superconducting at 2.3 and 0.4 K, respec-
tively, while CeRhlIns superconducts at 2.1 K under
applied pressures of 16 kbar.#® At ambient pressure,
CeRhlIns is a heavy-fermion antiferromagnet with an
incommensurate magnetic structure and Ty = 3.8 K.367
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Similar to CeRhlns, Ce;Rhing orders antiferromag-
netically at Ty = 2.8 K at ambient pressure, but
superconductivity with T, ~ 2 K can be induced with
the application of ~25 kbar of pressure.® The Sommer-
feld constant y ~ 400 mJ/mole K? of Ce;Rhlng is also
comparable to that of CeRhlns. The fact that the
superconducting transition temperature is higher in
CeRhlIns and Ce;RhlIng than in Celns and the nature of
magnetic structure in these materials have been at-
tributed to their quasi-layered structure relative to
Celns.

Cezlrlng, on the other hand, remains paramagnetic
to lowest temperatures. Although it has a Sommerfeld
coefficient similar to that of Celrlns (y ~ 700 mJ/mol
K?2), it does not display superconductivity. Although it
is not the subject of this paper and its ground-state
properties are unknown, polycrystalline Ce,Colng has
been synthesized and found to be isostructural to the
Rh and Ir compounds.

Celnj (the “parent” and n = .o member of CenMInzn42)
is cubic and undergoes a commensurate antiferromag-
netic transition at Ty = 10.23 K.210 It also becomes
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superconducting between 24 and 27.5 kbar pressure
with the sharpest transition at T, = 0.204 K and 27.5
kbar.1112 The low-temperature linear contribution to
specific heat of Celng is y ~ 120 mJ/mol K2 1315

The principal focus of this work is the growth and
structural characterization of the n = 2 members of the
CenMlInsn42. The La analogues of these Ce compounds
have also been prepared with the aim of understanding
which structural trends derive specifically from the
presence of an f-electron in the Ce compounds. In this
study, the structure and magnetic properties of the n
=1, 2, o members of the intergrowth homologous series
of compounds, LnyMIng+2 (LN = La, Ce; M = Rh, Ir)
are compared. This allows for a more complete under-
standing of the relationship between magnetism and
superconductivity and of why certain structure types
favor heavy-fermion superconductivity.

Experimental Section

Synthesis. La (99.999%) and Ce (99.999%) metals obtained
from Ames Laboratory, and In ingot (Alfa Aesar, 99.9995%),
were cut into small pieces. Rh (Alfa Aesar, —20 mesh, 99.95%)
and Ir (Alfa Aesar, —60 mesh, 99.95%) powders were used as
received.

Ln,MIng (Ln = La, Ce; M = Rh, Ir) single crystals were
grown from excess In flux. Stoichiometric amounts of Ln =
La, Ce and M = Rh, Ir were combined with excess In in an
alumina crucible, which was then encapsulated in an evacu-
ated quartz ampule. The evacuated quartz ampule was heated
at 1100 °C for 2 h and slow-cooled at a rate of 8 °C/h to 650
°C. At this temperature, the ampule was removed from the
furnace, and excess In flux was removed by centrifugation.'®

Single-Crystal X-ray Diffraction. The ~1 x 2 mm metal-
lic platelike crystals were mechanically separated for struc-
tural analysis. All of the crystals were stable in air, and no
noticeable degradation of the sample was observed in magnetic
measurements.

A black single-crystal fragment of each compound was used
for data collection on a Nonius KappaCCD diffractometer (Mo
Ke 4 =0.71073 A). Data were collected at 298 K. Further data
collection parameters and crystallographic data are presented
in Table 1.

The structures were solved with direct methods and refined
using SHELXL97'" beginning with the atomic positions of Ho,-
CoGag as the initial structural model.*® Data were corrected
for extinction and refined with anisotropic displacement
parameters. The atomic coordinates are provided in Table 2,
and relevant interatomic distances are given in Table 3.

Largest features in the final difference maps are 8.18 e /A3
for CesRhlng, 6.6 e /A2 for Ce,lrlng, 15.9 e /A3 for La,Rhlng,
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and 31.8 e /A3 for Laylring. Low-temperature (100 K) data
were also collected, and the large features existed in these
difference maps. These residual electron densities are higher
than expected, even for lanthanide-containing compounds.
When a light atom, such as O, is placed in that position, the
refinement gives a slightly less than fully occupied site (~97%
for LazRhlIng), and the R-value changes very little. Further-
more, the electron-density peaks are at (Y, /2, 0), a 4/mmm
site approximately octahedrally surrounded by In atoms. In
CezRhlng, five of the In atoms were located 2.35 A from this
electron density, and the sixth In was 2.42 A away. This hole
is too small for a heavy element, such as In, to occupy the site.
The electron density may suggest an interstitial presence of a
small-Z atom; therefore, we also conducted microprobe analysis
to address the possible presence of C, N, or O.

Electron Microprobe Analysis. To determine the pres-
ence of an interstitial atom, we examined a single crystal of
each compound: CezRhlng, Cezlring, LazRhlIng, and Lazlrins.
Analyses were performed on a JEOL733 Superprobe at 15 kV
accelerating potential and 10 nA beam current. WDS scans
were made on diamond and BN standards at 1.0 s/point in
5-um intervals. After locating the C and N peak positions, we
found no evidence for the presence of C, N, or O. Because other
evidence of the presence of a light atom cannot be found, and
given the crystal quality of the sample, we suspect that the
residual electron densities may be due to systematic error. A
number of crystal growth attempts yielded similar crystal
quality.

Physical Properties. Electrical resistivity and magnetic
susceptibility data were obtained using commercial measure-
ment systems from Quantum Design (PPMS and MPMS,
respectively). Data were collected over a temperature range
of 2 K to 350 K.

Results and Discussion

The structures of LnMIns (n = 1; Ln = La, Ce; M =
Co, Rh, Ir) have been previously described in detail.1°~2!
The structure consists of one Lnlng cuboctahedra layer
interleaved with one MIn; layer. As the transition metal
progressively increased in size, the height of the cub-
octahedra along the c-axis decreased while the length
across the a—b plane increased. Interestingly, the LnlIng
(Ln = La, Ce) cuboctahedra in LnMIns were distorted
for the M = Co, Ir members, but were least distorted
for M = Rh. The cuboctahedra in LnRhIns (Ln = La,
Ce) bear a striking resemblance to the cubic structure
of LnIng but are distorted for LnColns and Lnlrins.2!
Thus, one might speculate that the reason that CeRhlins
orders magnetically (Ty = 3.8 K) while Celrlns and
CeColns superconduct (at 0.4 and 2.3 K, respectively)
is related to this distortion.

Ln;MIng (Ln = La, Ce; M = Rh, Ir) crystallize in the
tetragonal space group, P4/mmm (no. 123) with the Ho-
CoGag structure type.18 The structure can be viewed as
a bilayer of Lnlns cuboctahedra layers alternating with
MIn; rectangular polyhedra layers along the c-axis. The
unit cell is shown in Figure 1, and the extended
structures of the Lny,RhIngn4+2 family (n =1, 2, 0; Ln =
La, Ce) are compared in Figure 2. Atomic positions of
Ln:MIng (Ln = La, Ce; M = Co, Rh, Ir) are presented
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Table 1. Crystallographic Parameters for Ce;Rhlng, Cezlring, LazRhlng, and Lazlring

Crystal Data

formula CezRhling
a(A) 4.6670(4)
c(A) 12.247(4)
V (A3) 266.75(12)
z 1
temperature (°C) 25

density (g cm~3) 8.013

crystal dimension (mm?3)

crystal system tetragonal
space group P4/mmm
0 range (°) 2.5-45.3
w (mm~1) 26.703
Data Collection

measured reflections 1129
independent reflections 703
reflections with | > 24(1) 606

Rint 0.032

h -9—9

k -6—6

| -23—24
Refinement

R [F? > 20 (F?)] 0.042
WR(F?) 0.1012
reflections 703
parameters 17

Apmax (€ A73) 8.12

Apmin (€ A73) -2.9
extinction coefficient 0.0073(8)
Crystal Data

formula La;RhiIng
a (A) 4.6980(2)
c (A) 12.3440(4)
V (A3) 272.447(19)
z 1

crystal dimension (mm§3)
temperature (°C) 25

density (g cm™3) 7.919
crystal system tetragonal
space group P4/mmm
6 range (°) 3.3-453
u (mm~1) 25.63
Data Collection

measured reflections 2197
independent reflections 730
reflections with | >20(1) 592

Rint 0.065

h -9—9

k -6—6

| 22— 24
Refinement

R [F? > 20 (F?)] 0.059
WR(F?) 0.151
reflections 730
parameters 17

Apmax (€ A73) 15.9
APmin (e A73) -4.1
extinction coefficient 0.015(2)

ARy = Y||Fol = IF/I/3|Fol. P WR2 = F[W(Fo? — FA)1/ ¥ [W(Fe2)?]2.

0.075 x 0.025 x 0.075

0.075 x 0.012 x 0.075

in Table 2. The z coordinates of the 2g, 4i, and 2h sites
are variable for Ce, In2, and In3, where In2 and In3
correspond to the In atoms that are bonded to the MIn;
and Lnlng layers, respectively.

The bond distances describing the cuboctahedra in
Ln;MIng (Ln = La, Ce; M = Rh, Ir) are listed in Table
4. Ce is located at the center of each cuboctahedron. Ce
and In3 are across the a—b plane, but the two atoms
are not strictly coplanar as in LnMIns. (Ce—Inl) is the
bond between the Ce and the In atom (In1) between the
two Celng layers. (Ce—In2) describes the bond between

Cezlring
4.6897(6)
12.1950(11)
266.07(5)

1

25

8.681

0.075 x 0.050 x 0.025
tetragonal

P4/mmm

2.5-35.0

37.711

1204
408

372
0.068
-1—=7
1—=7
-19—19

0.047
0.108

Lazlring
4.70600(10)
12.3120(4)
272.667(12)
1

0.10 x 0.050 x 0.075
25

8.456

tetragonal

P4/mmm

2.5-40.2

36.29

1697
579

570
0.054
-8—8
-6—6
-22—20

0.054
0.142
579

17

31.8
7.6
0.016(2)

Ce and the In atom (In2) that is shared with the Min;
(M = Rh, Ir) layer.

Selected interatomic distances of the cuboctahedra
layer in Ln,MIng compounds are shown in Table 3. The
width of the cuboctahedra along the a—b plane (Ln—
In3) and part of the cuboctahedra height along the c-axis
(Ln—1In2 distance) are smaller for the Ir than the Rh
compound. In the LnMIns phase however, the cubocta-
hedra width is larger for Ir. However, Ln,MIng contains
a third crystallographically independent In atom whose
distance to the next cuboctahedra layer (Ln—Inl) in-
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Table 2. Atomic Positions of Ln;MIng (Ln = La, Ce)

atom X y z
Ln 29 0 0 zLn
Rh 1b 0 0 1/2
Inl 2f 1/2 0 0
In2 4i 1/2 0 zIn2
In3 2h 1/2 1/2 zIn3

compound zLn z In2 z In3
CezRhlng 0.80704(3) 0.61944(4) 0.80563(6)
Cezlring 0.80602(8) 0.61993(9) 0.80562(11)
La;Rhing 0.80631(5) 0.61788(5) 0.80364(9)
Lazlring 0.80527(5) 0.61833(5) 0.80368(9)

)
@ go® @

ooqo |
Rh . c-axis
o ]

In2 OO OO
..o..

In3
In1 S O O\@'

Figure 1. Unitcell of Ce;Rhlng. Gray, black, and white circles
represent Ce, Rh, and In atoms, respectively.

n=ce

Figure 2. Structures of the n = 1, 2, o members of the Ce,-
RhlInzns2 family. White circles represent In, black circles
represent Rh, and gray shading represents Ce cuboctahedra.

creases. This compensates for the decrease in (Ln—1In2)
and avoids extreme cuboctahedra distortions.

The ratios of (Ce—In3/Ce—Inl) and (Ce—In3/Ce—In2)
describe the degree of structural distortion in the
cuboctahedra of Ce,MIng. For both M = Rh and Ir, (Ce—
In3/Ce—Inl) have identical deviations (0.0064) from
unity, as shown in Table 4. The (Ce—1In3/Ce—In2) ratio
is closer to 1 in the Rh compound than in the Ir
compound, indicating that the cuboctahedra in Ce;Rhlng
resembles the cubic structure of Celns; more so than Ce,-
IrIng. Thus, CezRhlng is more 3D and more like Celns
than Cezlrlng. Similar to CeRhlns, the less distorted
local geometry in Ce;Rhlng may be related to why it
orders magnetically whereas Ce;lring does not. The La—
In distances are slightly larger in the Ce analogues, as
expected, due to lanthanide contraction. Similar trends
in the (La—In3/La—Inl) and (La—In3/La—In2) ratios are
found for the La analogues. This trend has also been
observed for the LnMIns (Ln = La, Ce; M = Rh, Ir)
subfamily.?!
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Figure 3. Electrical resistivity (p,) as a function of temper-
ature (T) for Ce;RhIng and LazRhlIns.
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Figure 4. Magnetic susceptibility M/H as a function of T,
measured at 1000 Oe. Circles represent CeRhlns, squares
represent Ce;Rhlng, and crosses represent Celnz. Open sym-
bols are for applied field parallel to the crystallographic c-axis
and solid symbols are for H perpendicular to c. The inset shows
the polycrystalline average of these data (Ys[xparaer + 2
Aperpendicular]) 1N comparison to those of cubic Celns.

Relation of Structural Parameters to Physical
Properties. Resistivity. The temperature dependence
of the electrical resistivity of the Ln,MIng family is
qualitatively similar to that of LnMIns. In particular,
for the La variants, the resistivity is that of a normal
metal, whereas for the Ce variants one observes resis-
tivity that is relatively temperature independent above
a characteristic temperature T ~ 20 K before becoming
more metallic.® Representative data for Ln,RhiIng are
shown in Figure 3.

Strikingly, the residual resistivity (p,) of Ce,RhlIng (po
= 55 uQ-cm) is 2 orders of magnitude larger than that
of CeRhlIns (po = 0.4 uQ-cm); similar differences are
observed in the La analogues. This effect is much more
significant than any observed variations as a function
of homologous series in a particular structure type. We
speculate that this increased resistivity results from the
buckling of the Ln—In3 layer. The In3—Ln—In3 bond
angles are provided in Table 3. In Ce;RhlIng, Ce and In3
no longer reside in the same a—b plane, and the In3—
Ce—In3 angle is no longer 180° as in the CeRhlns. The
zCe coordinate is 0.80704(3) while zIn3 is 0.80563(6),
resulting in the formation a 179.40(2)° In3—Ce—1In3
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Table 3. Select Interatomic Distances (A) and Bond Angles for Ln,MInzni» (N = 2; Ln = La, Ce; M = Rh, Ir)

Ce,Rhing Cezlring LazRhling Lazlring

Within Lnlnsz (Ln = La, Ce) Cuboctahedron

Ce(La)—In1 (x 4) (A) 3.3001(5) 3.3242(7) 3.3520(5) 3.3593(5)
Ce(La)—1In2 (x 4) (A) 3.2748(4) 3.2565(10) 3.3060(6) 3.2915(6)
Ce(La)—In3 (x 4) (A) 3.3211(3) 3.3029(4) 3.32215(14) 3.3277(5)
In3—Ce(La)—In3 Angle (°) 179.40(2) 179.83(5) 178.86(4) 179.32(4)
Within MIn; (M = Rh, Ir) Rectangular Polyhedron

In2—1n2 (c-axis) 2.9255(9) 2.925(2) 2.9107(13) 2.9138(13)
In1—In1 (a-b plane) 3.3001(5) 3.3029(4) 3.32199(14) 3.3276(5)
M—In2 (x 8) (A) 2.7541(3) 2.7556(6) 2.7633(4) 2.7675(3)

Table 4. Ln—Ln Bond Distances in Lnlnz (Ln = La, Ce) Cuboctahedra

Ce—In1 (A) Ce—In2 (A) Ce—In3(A) Ce—In3/Ce—In1(A) Ce—In3/Ce—In2(A)
Rh 3.3001(5) 3.2748(4) 3.3211(3) 1.0064(2) 0.9981(1)
Ir 3.3242(7) 3.2565(10) 3.3029(4) 0.9936(2) 1.0142(3)
La—In1 (A) La—In2 (A) La—In3(A) La—In3/La—In1(A) La—In3/La—In2(A)
Rh 3.3520(5) 3.3060(6) 3.32215(14) 0.9911(1) 1.0049(2)
Ir 3.3593(5) 3.2915(6) 3.3277(5) 0.9906(2) 1.0110(2)

angle. Buckling of the Ln atom is increased in the
nonmagnetic La-analogues. For example, the In3—La—
In3 angle measures 178.86(4)° in La;RhIng, almost 1°
smaller than its Ce analogue.

Magnetic Susceptibility. The magnetic susceptibility
as a function of temperature for Ce,RhlIng,2 (n =1, 2,
) is shown in Figure 4. In each case, the susceptibility
is approximately what is expected from a Ce J = 5/2
local moment, namely Curie—Weiss susceptibility at
high temperature with uef close to 2.54 up (et = (8C)Y2
and y = yo + C/(T + 6)). Specifically, for field applied
perpendicular to the crystallographic c-axis, y, =
—0.00019(1) emu/mol, C = 0.807(5) (uett = 2.534(5) us),
and 0 = —70.7(8) K; for field parallel to the c-axis, yo =
—0.00035(2) emu/mol, C = 0.899(7) (uett = 2.674(7) up),
and 6 = —18.2(8) K.

For the tetragonal compounds, magnetic anisotropy
is observed, and this anisotropy is larger in single-layer
CeRhlIns than in Ce;Rhlng. Interestingly, if one per-
forms a polycrystalline average of the data (ypoy = /3
(2xa + x¢)), the data for all three compounds are nearly
identical. This indicates that although structural layer-
ing modifies the magnetic character of these compounds,
the overall effect is rather small. The evolution of the
magnetic ordering temperature, on the other hand, is
something of a mystery: naively, one would expect Ty
to evolve in the order of Celns, CesRhlng, CeRhlins,
consistent with decreasing 3-D character. However, one
finds Ty (CeRhlIns) > Ty (CezRhIng). This is presumably
due to differences in the electronic structure of these
materials, which are also reflected in the propagation
vectors of the ordered magnets. Celnz and Ce;Rhling
have nearly the same magnetic structure, whereas the
structure of CeRhlIns is more helical and 2-D.” The low-
temperature heavy-fermion ground states of CeMIns
and Ce;MIng (M = Rh, Ir) have been studied using
specific heat measurements and are least affected by

the structural layering. The y values are 400 mJ/mol
Ce K2 for both CeRhlIns and Ce;RhlIng, and 720 mJ/mol
Ce K2 and 700 mJ/mol Ce K2 for Celrlns and Celring,
respectively.? These observations are consistent with the
fact that hybridization is a relatively local effect; the
local Ce coordination is not changed between the n =1
and n = 2 members of the Ce,MInzyofamily.

Conclusion

The structure, magnetic, and transport properties
clearly show that the CepMInzn, family (n =1, 2, co; M
= Rh, Ir) becomes more three-dimensional as one
progresses from n = 1 — . The key structural feature
of the Ln,MIngn42 family lies within the Lnlns cuboc-
tahedra. In particular, the half of the cuboctahedra
closest to the MIn; layer is most significant. Ratios of
Ce—In and Ce—Ce distances explain the dimensionality
and anisotropy observed in magnetic susceptibility
measurements. This is consistent with magnetic struc-
ture studies of Ce,Rhlnz,+> where the cubic Celns
building blocks have a stronger influence on magnetic
correlation than RhIn,.” In addition, the Ce buckling
within the cuboctahedra contributes to increased resis-
tivity for both the Ce-based and La-based materials.
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