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Novel Ce magnetism in CeDipnictide and Di-Ce pnictide struc't_Ures__

P. C. Canfield, J. D. Thompson, and Z. Fisk

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Results of electrical resistance and magnetic susceptibility measurements on Ce,Bi, Ce,Sb,
CeScGe, CeScSi and CeSb, are presented. Ce,Bi and Ce,Sb have antiferromagnetic

transitions at low temperatures, while CeSb,, CeScGe and CeScSi have ferromagnetic
transitions, CeScGe having a 7. = 46 K. The data are analyzed with respect to the similarities
of the two crystal structure groups that these materials fall into: CeSb, having the LaSb,
structure and the other materials all having the La,Sb structure.

Single crystals of Ce,Sb and polycrystalline Ce,Bi have
been studied by Isobe ef al.' Both compounds form in the
tetragonal La,Sb structurc which has two incquivalent La
sites: Lal and La2. For Ce atoms on the Lal sites, the
Ce—Ce distance is substantially shorter than in metallic Ce.
One of the primary conclusions drawn by Isobe er al. is
that these two inequivalent Ce sites display significantly
different magnetic behavior, with the Cel (Lal) sites ex-
hibiting a strongly mixed valence-type susceptibility and
the Ce2 (La2) sites acting as local moments. In this paper,
we examine in greater detail Ce,Sb and Ce;Bi, and com-
pare results to those obtained on related compounds
CeScGe, CeScSi and CeSb,. CeScGe and CeScSi both have
the La,Sb structure with only one of the unique Ce sites,
Ce2, occupied; whereas, CeSb, has the orthorhombic
LaSb, structure which is closely related to the La,Sb
structure.>” By examining these five compounds, the occu-
pancy of the Ce sites can be varied systematically, permit-
ting a study of occupancy on the magnetism of these sys-
tems.

Single crystals of CeSb, were grown out of Sb flux;
whereas, single crystals of Ce,Bi and Ce,Sb were grown
out of Ce flux. The CeScGe and CeScSi materials were
arc-melted on a water-cooled hearth under a protective
atmosphere of Ar. The electrical resistance was measured
using a standard four-probe lock-in technique, with cur-
rent flowing in the a-b plane of the crystals. Magnetic
susceptibility measurements were performed with a Quan-
tum Design superconducting quantum interference device
(SQUID) magnetometer, in the case of single crystals with
the field applied parallel or perpendicular to the ¢ axis.

The La,Sb and LaSb, structures are well known.”
Briefly, the La,Sb structure can be thought of as consisting
of two predominant features. The first feature is that the
Lal, 4(c) sites, form two-dimensional (2-D) sheets of La
atoms. The La2 and the Sb occupy 4(e) sites which form a
slab that separates the sheets of Lal. This slab consists of
interpenetrating La and Sb triangular prisms (see Fig. 1 of
Ref. 2). In CeScGe and CeScSi (Ref. 4) only the La2 site
is occupied by Ce. This means that there are 2-D sheets of
Sc on the Lal site and Ce/Si or Ce/Ge slabs separating
these sheets. The LaSb, structure is in many aspects similar
to the La,Sb structure, particularly as seen in the cases of
CeScGe and CeScSi. In the LaSb, structure there are two
unique Sb sites and one unique La sile; the converse of the
La,Sb structure. One of the Sb sites forms 2-D planes (sim-

5892  J. Appl. Phys. 70 (10), 15 November 1991

0021-8979/91/105992-03%03.00 ® 1891 American Institute of Physics

ilar to the planes formed by the Lal sites in the La,Sb
structure), while the other Sb site and the La site form a
slab of triangular prisms that separate the 2-D Sb planes
(see Fig. 1 of Ref. 3). The details of the La/Sb slabs in the,
L.aSh, and La,Sh structures are some what different, but to
first order, they are qualitatively the same.

Figure 1 shows low-temperature magnetic susceptibil-
ity and electrical resistance for Ce,Bi. There is an antifer-
romagnetic phase transition at Ty = 11 K that manifests
itself in both the resistance and susceptibility for the field
applied parallel to the c axis. The large anisotropy seen in,
the magnetic susceptibility of Ce,Bi is in agreement with
the anisotropic susceptibility that Isobe e al. argue for and
we have found in Ce,Sb as well (data not shown). Figure
2 shows the low-temperature electrical resistance . for
CeScSi and CeScGe. The anomalies at 26 and 46 K for
CeScSi and CeScGe, respectively, are associated with fer-
romagnetic phase transitions, confirmed by the presence of
substantial hysterisis in magnetization versus field mea-
surements below T'.. These are unusually high ferromag-
netic transitions for intermetallic Ce compounds, and spe-
cifically make CeScGe of interest on its own right. Figures
3 and 4 show the electrical resistance and anisotropic mag-
netic susceptibility of CeSb,. The resistive anomaly at 15 K
is associated with a ferromagnetic transition that results in
hysterisis loops similar to those found for CeScGe and
CeScSi.

Although all compounds measured manifest virtually
full Ce moments, one striking difference between the ma-
terials that have two unique Ce sites and the materials that
only have one is that the Ce,Sb and Ce,Bi have antiferro-
magnetic transitions, whereas CeScSi, CeScGe and CeSb,
have ferromagnetic transitions. This supports our discus-
sion of the La,Sb and LaSbh, stiuctures: that for both
CeScGe/Si and CeSb, the environment of the Ce site is
similar. By removing the Ce from the tightly packed, 2-D
planes, ferromagnetism is found for both the La,Sb and
LaSb, structures. Apparently, the absence of the 2-D
planes of Ce atoms at the Lal sites favors the formation of
a ferromagnetic groundstate from the Ce atoms on the La2
sites. This is suggested as well from susceptibility measure-
ments on Ce,Bi. Although Ce,Bi orders antiferromagneti-
cally at 11 K, strong ferromagnetic correlations are present
at low temperatures. For temperatures below approxi-
mately 100 K, the inverse susceptibility is nearly linear in
temperature and extrapolates to a positive 8» = 9 K. (See
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FIG. 1. Low-temperature data for Ce,Bi. (a) Magnetic susceptibility for
a field of 0.1 T applied parallel and perpendicular to ¢ axis. (b) Electrical
resistance with current running in a-b plane.

Fig. 5.) This is comparable to the 8, = 26 K found for
ferromagnetic CeSb,. The inset of Fig. 5 clearly shows the
development of ferromagnetic correlations at low temper-
atures. Further, we note that both CeSb, and Ce,Bi have
magnetic susceptibilities of comparable magnitudes at low
temperature (compare Figs. 1 and 3). Thus, it seems that
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FIG. 2. Low-temperature resistivity vs temperature for CeScGe and
CeScSi polycrystalline samples. Features in the resistivity mark the onset
of ferromagnetic order found in magnetization experiments.
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FIG. 3. Magnetic susceptibility vs temperature of CeSb, for a field of 0.1
T applied parallel and perpendicular to ¢ axis.

Ce,Bi has a strong tendency to be ferromagnetic that is
inhibited by the existence of 2-D planes formed by Ce oc-
cupancy of the Lal sites,

In addition to these systematics, there are a few puz-
zling questions raised by the data. First, there is the ques-
tion of the remarkable anisotropy seen in CeSb, crystals. If
the field is applied perpendicular to the ¢ axis, the system
shows a clear local momentlike behavior with a positive
@p that is consistent with a ferromagnetic transition at 15
K. On the other hand, if the field is applied parallel to the
¢ axis, the high-temperature p = — 175. A similarly large
anisotropy has been found in CesSn; (Ref. 5) for which it
has been argued that crystal-field effects are important. We
suggest this to be the case for both CeSb, and Ce,Sb. An-
other aspect of the magnetic anisotropies of CeSb, and
Ce,Bi (Figs. | and 4) is that the easy magnetic directions
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FIG. 4. Electrical resistivity vs temperature of CeSb; with current run-
ning in a-b plane. Inset: Low-temperature resistivity showing an anomaly
in the resistance due to the onset of ferromagnetism. The nature of the
slight anomaly seen at 12 K in unknown.
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FIG. 5. Inverse magnetic susceptibility vs temperature of Ce,Bi. Inset:
Temperature times magnetic susceptibility vs temperature of Ce,Bi. The
rise in T*Chi below 100 K is due to the development of ferromagnetic
correlations.

are orthogonal, i.e., perpendicular and parallel to the ¢ axis
for CeSb, and Ce,Bi, respectively. In addition to the pres-
ence of planar Ce atoms at the Lal sites in Ce,Bi, it is
possible that this difference is a manifestation of the
slightly different crystal structures of these two materials.
Large magnetic anisotropies are found for both crystal
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structures, implying that the La2 sites and crystal field
anisotropy at these sites dominate this behavior. Finally,
we note the temperature dependent resistivity of CeSb,
(Fig. 3) which is similar to that observed in heavy-
electron/Kondo-lattice compounds. In these cases, antifer-
romagnetic exchange is important. We suggest that this
may also be the case in CeSb,, but that band structure and
the momentum dependence of the exchange work to pro-
motc a fcrromagnetic ground statc.

In summary, we have studied the systematics of Ce
members of the La,Sb and LaSb, systems. We find that the
La2 sites can be associated with a proclivity to form a
ferromagnetic ground state at low temperatures and that
the Lal sites, if occupied by Ce, can effectively thwart this
predisposition.

ACKNOWLEDGMENT

Work at Los Alamos was performed under the aus-
pices of the U.S. Department of Energy.

'A. Isobe, A Ochiai, S. Onodera, K Yamada, M. Kohgi, T. Endoh, T.
Suzuki, and T. Kasuya, J. Mag. Mag. Mat. 70, 391 (1987).

2W. N. Stassen, M. Sato, and L. D. Calvert, Acta Cryst. B 26, 1534
(1970).

*R. Wang and H. Steinfink, Inorg. Chem, 6, 1685 (1867).

*1. R. Mokra and O. L. Bodak, Dokl. Akad. Nauk Ukr. SSR, Ser. A 4,
312 (1979).

5J. M. Lawrence, M. F. Hundley, J. D. Thompson, G. H. Kwei, and Z.
Fisk, Phys. Rev. B 43, 11057 (1991).

Canfield, Thompson, and Fisk 5994





