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ABSTRACT: Reactions of cerium and nickel in excess molten gallium were monitored
by neutron diffraction during heating and cooling. The formation of binary intermediates
CeGa, and Ni,Ga; was observed during heating. During cooling of the molten mixture
from 900 °C, precipitation of BaAl,-type CeNij~,Ga;,s occurred at 850 °C. Upon
cooling to 650 °C, this compound reacted in the flux to form Ce,NiGaj, and then
Ce,NiGay,, the latter of which persisted to room temperature. Making use of this
information, subsequent reactions were quenched at 750 °C to isolate crystals of
CeNiy,Gas 4 for further study. Similar reactions replacing Ce with La and quenching
above 750 °C yielded LaNij35Gasgs crystals. Magnetic susceptibility studies on
CeNiy74Gas ¢ indicate that the cerium is trivalent; the Ce’* moments undergo a
strongly anisotropic ferromagnetic ordering with moment perpendicular to the c¢ axis
below 7 K. Heat capacity data show little evidence of heavy fermion behavior. Resistivity
measurements show that both LaNi, 35Ga; 65 and CeNij ;,Ga; 54 exhibit metallic behavior.
Density of states calculations support this and indicate that Ni/Ga mixing in the
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compound stabilizes the structure.

Bl INTRODUCTION

Metal fluxes are useful media for exploratory synthesis of
intermetallics and Zintl phases and for growth of large single
crystals for physical property measurements. Metal flux
reactions make use of a large excess of a low melting metal
that dissolves the other reactants; this solution-based method
eliminates diffusion barriers common in solid-state synthesis
techniques and allows good crystal growth of products.' ™
Metals commonly used as solvents in flux synthesis include tin,
aluminum, indium, and gallium. Gallium is particularly
attractive due to its low melting point and high boiling
point, allowing for a wide reaction temperature range.
Intermetallic compounds grown from gallium flux include
Sm,NiGa,,, Ho,CoGag, Ce,NiGa,,, CePd;,  Gag_,,
BagGa,4Gesy, and EuGa,As,.* ™

The formation of multiple competing phases with no
information about reaction mechanism (and thus little ability
to predict and control reaction outcome) is one of the issues
that is encountered in using this technique. Flux reactions are
typically carried out in sealed ampules inside furnaces at high
temperatures, making the detection of intermediate phases
very difficult. Altering reaction parameters (reactant ratio,
heating rate, maximum temperature, cooling rate, quench
temperature) can result in the formation of different
intermediate phases and final products. The usual way to
optimize flux syntheses is to run multiple reactions and vary
one parameter at a time. This process can be streamlined using
in situ diffraction experiments, wherein a flux reaction is
carried out in a heated sample holder in a diffractometer to
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enable the observation of phase transformation events as the
temperature is changed. This technique allows for the
detection of intermediate phases that may form and
interconvert during heating or cooling of a reaction mixture.
The use of in situ diffraction has been demonstrated for
syntheses of complex metal sulfides in polysulfide salt fluxes by
Kanatzidis et al.'” It has also been used by the O’Hare and zur
Loye groups to study the growth of oxides in Na,SO, and
KCI/NaCl fluxes.'"'* There have been few reports on similar
experiments to explore metal flux reactions due to problems
such as high absorbance and attack on reaction ampules by
molten metals."> The Latturner group used in situ neutron
diffraction to investigate reactions of barium, ytterbium, and
silicon in Mg/Al flux, a system that yielded four Ba/Yb/Mg/Si
products and is highly sensitive to slight perturbations in the
cooling profile."*

In this work, we used in situ neutron diffraction to study the
reaction of cerium and nickel in excess gallium flux. The low
melting point of gallium and its lack of reactivity toward silica
tubing make it ideal for in situ studies to help identify
intermediates formed during the reaction and shed light on the
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mechanism of reaction. The Ce/Ni/Ga system is of interest
due to the plethora of known ternary phases, which include
CezNiGa12,6 Ce4NiGa18,15 CeNiGaé,16 CezNiGam17
Ce;Ni,Ga,s,"® and Ce(Ni/Ga), (two forms).'”*® All of these
compounds have structures comprised of BaAl,-type cerium
gallide slabs separated by antifluorite-type NiGa, layers. Several
identical Ce/Ni/Ga reactions were prepared, and different
cooling rates were explored. In all cases, BaAl,-type
CeNiy,4Ga;z,4 is formed at high temperatures and converts
into Ce,NiGa,;, and then Ce,NiGa;, as the reaction cools
below 550 °C. This reaction was reproduced in the lab and
quenched at high temperatures, enabling the isolation of large
crystals of CeNiy,,Gas,4; a similar reaction using lanthanum
yielded LaNig;5Gaz4s crystals. Magnetic characterization
indicates that CeNij,,Ga;,s contains trivalent cerium and
undergoes ferromagnetic ordering below 7 K.

B EXPERIMENTAL PROCEDURE

Synthesis (Ex Situ Reactions). Ce chunks (Alfa-Aesar, 99.8%),
Ni powder (Alfa-Aesar, 99.8%), and Ga chips (Alfa-Aesar, 99.9%)
were combined in a 2:1:20 mmol ratio in a silica ampule (7 mm ID, 9
mm OD). Silica wool was placed above the reactants to act as a filter
during centrifugation. This silica ampule was then sealed under a
vacuum at 100 mbar. Several reaction ampules were prepared, and a
variety of heating profiles were explored in preliminary experiments
using different maximum temperatures and cooling rates but all
ending with centrifuging at 200 °C to remove the excess molten
gallium flux. The crystals collected were rectangular plate shaped in
appearance and were silver colored and reflective. After the neutron
diffraction study (vide infra) that indicated the importance of
centrifuge temperature, the temperature profile was altered with
reactions being centrifuged at 800 to 600 °C at 50 °C intervals.
Additionally, the rate of cooling from 1000 °C to the centrifuge
temperature was slowed in an attempt to increase the size of the
crystals.

To ensure that the temperature of the reaction did not drop
significantly during centrifugation, the reaction vessel was prepared as
described above. This silica ampule was then placed in a second larger
ampule (11 mm ID, 13 mm OD) and sealed under a vacuum at 100
mTorr. This second vacuum jacket provides additional thermal
insulation of the inner vessel during removal from the furnace and
centrifugation.

Elemental Analysis. Products were analyzed by SEM-EDS using
an FEI Nova 400 NanoSEM with energy dispersive spectroscopy
(EDS) capabilities. Samples of product crystals were mounted onto
aluminum pucks using double-sided carbon tape and analyzed using a
25 kV acceleration voltage. The surface of the pucks was completely
covered with the carbon tape to eliminate artifacts produced by the
aluminum. The surface of the crystals showed residual flux droplets in
some areas, so measurements were taken on cleaved samples or on
surfaces where no flux was present.

Single-Crystal X-ray Diffraction Studies. Samples were
examined under a microscope to select crystals for diffraction studies.
Suitable pieces were cut from larger crystals and were mounted in
Dual-Thickness MicroLoops (MiTeGen Loop/Mount) using Parabar
oil. Single-crystal X-ray diffraction data were collected at 200 K using
a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix-
6000HE Hybrid Photon Counting (HPC) detector and dual Mo and
Cu microfocus sealed X-ray source. Refinements of structures were
performed with the SHELXTL package using the SHELXLe user
interface.””> The 4d and 4e sites of the RNi,Ga, , compounds
(BaAl,-type, space group I4/mmm) were initially assigned as fully
occupied by gallium; then their occupancy was allowed to vary. The
4d site refined as 100% occupied, while the occupancy of the 4e site
dropped, indicating the mixing of lighter Ni on this site. The 4d site
was therefore fixed as fully occupied by Ga, and the 4e site refined as a
Ni/Ga mixed site. The resulting stoichiometries matched the
compositions indicated by SEM-EDS elemental analysis. Crystallo-

graphic data for CeNij;,Ga;, and LaNij;5Gas g are found in the
Supporting Information (Tables S1 and S2), and the CIF files are also
available from the Cambridge Crystallographic Data Centre under
deposition numbers 2189804 and 2189805.

Powder Neutron Diffraction Studies. Four identical samples
were prepared for in situ neutron diffraction studies using the
POWGEN diffractometer on beamline 11A at the ORNL Spallation
Neutron Source.”® Each reaction ampule contained 20 mmol of
gallium, 1 mmol of nickel, and 2 mmol of cerium in a sealed silica tube
that is 9 mm in outside diameter. The ampule was flame-sealed under
a vacuum so that its length was less than S cm to fit into the vanadium
sample holder for the MICAS furnace. To explore this system, the
heating profile was altered for each sample.

e Sample 1: Data collection while heating up to 1000 °C in 2 h.
Hold at 1000 °C for 1 h for long scan. Data collection while
cooling to 200 °C with a slow rate of 1.6 C/m (in 8 h)

e Sample 2: Heat to 900 °C in 2 h, hold at 900 °C for 1 h, cool
to 200 °C in 8 h

e Sample 3: Heat to 900 °C in 2 h, hold at 900 °C for 1 h, cool
to 200 °Cin 4 h

e Sample 4: Use a heating profile with three heating cycles:

Heat from RT to 700 °C at 5°/min. Hold at 700 °C for 1 h.
Cool to 200 °C in 10 °/min. Hold at 200 °C for 3 h. Heat
from 200 to 900 °C at § °/min. Hold at 900 °C for 1 h. Cool
to 200 °C in 10 °/min. Hold at 200 °C for 3 h. Heat from 200
to 900 °C at § °/min. Hold at 900 °C for 1 h. Cool to 200 °C
in 6 °/min. Hold at 200 °C for 3 h.

For each sample, diffraction data were continuously collected
throughout the heating, dwell, and cooling process using the time
event mode data collection at SNS that allows postprocessing of the
data as described in a previous report.”*

Magnetic and Electronic Property Characterization. Mag-
netic susceptibility measurements were conducted on a single crystal
of CeNiy,,Ga;,6 to characterize the valence state of cerium and to
detect possible magnetic ordering. A single crystal (2 X 2 X 0.5 mm)
was grown from a reaction of 2:1:20 mmol ratio of Ce/Ni/Ga in the
double-jacketed ampule configuration. This reaction was heated to
1000 °C in S h, held for S h, and then cooled to 750 °C in 72 h
followed by centrifugation at 750 °C. The plate-shaped crystal was
aligned on a piece of Kapton tape to position the short axis of the
crystal (crystallographic c axis) perpendicular to the applied field. This
tape was then placed in a straw and then attached to the sample rod of
a Quantum Design MPMS SQUID system. Magnetic susceptibility y
= M/H data were collected from 1.8 to 300 K under an applied
magnetic field of H = 0.050 T. Magnetization data were collected at T
= 1.8 K, with measurements taken as the field was ramped from 7 to
—7 T. The crystal was then repositioned to orient the ¢ axis parallel to
the applied field, and the data were collected in this configuration.

Electrical resistivity measurements for T = 1.8—300 K were
performed in a four-wire configuration using a Quantum Design
Physical Property Measurement System. Platinum wires were spot-
welded in place on the sample for this measurement and were
positioned so that the electrical current runs along the ab-plane of the
crystal. Temperature-dependent heat capacity measurements were
performed from 1.8 to 300 K using the thermal relaxation technique.
Identical magnetic and electronic properties measurements were
carried out on a single crystal of LaNi,;5Gaz4s prepared using a
similar flux growth technique (La/Ni/Ga ratio of 2:1:20 mmol).

Electronic Structure Calculations. Calculations were carried out
on two models (LaNi,Ga, and LaGa,). Density of states (DOS)
calculations were performed using the tight-binding linear muffin tin
orbitals-atomic sphere approximation, which is implemented in the
Stuttgart TB-LMTO-ASA software package (version 47.1b).>>*° The
structural model was based on unit cell parameters and atomic
coordinates experimentally determined by single-crystal X-ray
diffraction at 200 K for CeNi,;,Ga;,, The TB-LMTO-ASA method
is known to exhibit difficulties in convergence for model systems with
lanthanide and actinide atoms that contain partially filled f-shells.
Therefore, Ce atoms were modeled as La. In CeNi,,,Gas,,, the Ga/
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Figure 1. Structures of Ce/Ni/Ga intermetallic compounds. The antifluorite type NiGa, slabs are shown in polyhedral mode. (a) CeNij,,Gas ¢
(I4/mmm, ThCr,Si, type), (b) CeNiGag (P4/mmm), (c) Ce,NiGa,, (I4/mmm), (d) Ce,NiGa,, (P4/nbm), and (e) Ce,NiGa,g (I4/mmm).
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Figure 2. Neutron diffraction data collected on a Ce/Ni/Ge reaction (2:1:20 mmol ratio) as it is heated up to 1000 °C in 2 h. Transition

temperatures are highlighted by horizontal lines.

Ni mixed site is ~47% occupied by Ga and ~53% by Ni. Two test
models were calculated: one treating this site as fully occupied by Ga
and the other treating this site as fully occupied by Ni. The overall
stoichiometries of the model phases were therefore LaNi,Ga, ("Ni-
rich model”) and LaGa, (”Ga-rich model”).

B RESULTS AND DISCUSSION

The Ce/Ni/Ga system has been explored by several research
groups due to the extensive family of related structures that
arises from combinations of these elements. In particular, Grin
et al. explored the ternary phase diagram using arc melting of
stoichiometric mixtures, reporting a homologous series of
compounds containing BaAl,-type Ce/Ga slabs of varying
thicknesses separated by antifluorite-type NiGa, layers.”>~'* As
a result of these structural building blocks, all the compounds

are either tetragonal or a slight distortion thereof (leading to
orthorhombic symmetry). This series includes CeNiGa,
(either ThCr,Si,-type in I4/mmm or CePtGas-type in
Fmm2),"”*° CeNiGay (P4/mmm),'® Ce,NiGa,, (14/mmm),"”
Ce,NiGa,, (P4/nbm),® and Ce,NiGa,, (I4/mmm),"> some of
which are shown in Figure 1. In addition to their structural
complexity, the electronic/magnetic properties of these
materials are also of interest due to the unique behaviors
that can occur in cerium intermetallics such as mixed or
fluctuating valency, the Kondo effect, and superconductiv-
ity.”’ 7> Our preliminary investigations of reactions of cerium
and nickel in excess gallium flux, typically quenched by
centrifuging at temperatures around 200 °C, yielded
predominantly Ce,NiGa;;, a compound that has already
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Figure 3. Neutron diffraction data collected on a Ce/Ni/Ge reaction (2:1:20 mmol ratio) as it is cooled from 1000 °C at a rate of 1.6 °C/min (in 8

h). Transition temperatures are highlighted by horizontal lines.

Table 1. SEM-EDS Elemental Analysis Data and Unit Cell Parameters Determined by SC-XRD for Products of Ce/Ni/Ga Flux
Reactions in 2:1:20 mmol Ratios Centrifuged at Different Temperatures

centrifuge temp (°C) mol % cerium mol % nickel

800 20.1(7) 7.0(3) 72.8(4)
750 20.6(3) 7.0(7) 72.3(2)
700 20.4(8) 7.0(6) 72.4(8)
650 19.3(5) 7.0(3) 73.6(1)
600 27.4(2) 7.7(5) 64.8(4)
550 23.8(5) 5.5(7) 70.5(6)
500 23.6(6) 5.8(6) 70.6(8)
450 24.1(4) 5.4(2) 70.5(5)
400 23.7(3) 5.1(6) 71.2(4)

mol % gallium

a (A) ¢ (A) space group structure
43157(2) 10.2648(8) T4/mmm CeNig74Gas a6
4.3157(8) 10.3093(S) I4/mmm CeNij74Gaj 56
43174(1) 10.3520(6) T4/mmm CeNigryGag a6
4.3182(2) 10.3137(7) I4/mmm CeNig74Gaj 56
42568(1) 26.358(1) T4/mmm Ce,NiGay,
6.0239(1) 15.4842(4) P4/nbm Ce,NiGay,
6.0300(2) 15.4739(8) P4/nbm Ce,NiGa,,
6.0262(1) 15.4758(4) P4/nbm Ce,NiGay,
6.0264(1) 15.4733(S) P4/nbm Ce,NiGa,,

been well-characterized.® Gallium acts as a reactive flux,
incorporating into the products that form. In situ neutron
diffraction studies were carried out to determine if other phases
form at high temperatures or with different cooling rates.

In Situ Neutron Diffraction Study. In situ neutron
diffraction studies were carried out on four samples of identical
stoichiometry (Ce/Ni/Ga in 2:1:20 mmol ratio). Data
collected during heating are shown in Figure 2. Diffraction
peaks corresponding to cerium and nickel metal reactants are
observed until reaching a temperature of 420 °C; at this point,
the cerium metal reacts with the gallium flux to form CeGa,.
As the temperature rises above 570 °C, the nickel metal reacts
to form Ni,Gas. All diffraction peaks disappear above 860 °C,
indicating the dissolution of all solids into the gallium melt.

Cooling this molten mixture leads to the precipitation of
ThNi,Si,-type CeNij-,Gas,s at 830 °C. This compound is
maintained as the reaction mixture cools to 600 °C, at which
point it transforms into Ce,NiGa;,. The presence of a
transition phase between 550 and 600 °C is indicated by a
few faint diffraction peaks that appear and disappear (see
Figure 3). These temperatures and transformations were
reproducible in all four samples that were run, regardless of
changing of cooling rates and maximum temperatures. One of
the reactions was reheated to 900 °C after being cooled to 200
°C; because a complete melt was obtained above 860 °C, the

sequence and temperatures of precipitation of the two
products were again reproduced. Structural refinements
based on the in situ data were not possible due to effects of
the preferred orientation; crystal growth occurs along favored
directions in the reaction ampules.

Ex Situ Reactions and Structures. Based on the results of
the in situ neutron diffraction study, the product in this
reaction system is dependent on the temperature. CeN-
ig74Gaz,4 precipitates at high temperatures and converts to
Ce,NiGa,, in the molten flux as the reaction cools below 550—
600 °C. To enable the isolation and study of the high-
temperature CeNij-,Gas,s phase, we focused our ex situ
efforts on centrifuging reactions in the temperature range at
and above 600 °C (results shown in Table 1). One of the
inherent difficulties in ex situ studies is the cooling of the
reaction as it is removed from the furnace; if the tube cools
below the transition temperature before removal of the flux in
the centrifuge, Ce,NiGa,, is isolated. This problem was solved
by placing the reaction ampule inside another vacuum-sealed
silica jacket to provide thermal insulation during the
centrifugation process. The initial CeNiy;,Gas,6 crystals
isolated were very small; this was remedied by slowing the
cooling rate (from 1000 to 750 °C in 72 h; centrifuging at 750
°C). This produced much larger crystals.
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Figure 4. SEM images of crystals isolated from a Ce/Ni/Ga flux reaction (with a 2:1:20 mmol ratio). (a) Ce,NiGay, crystals formed from the
reaction centrifuged at 600 °C. (b) CeNiy,,Gas, crystals formed from the reaction centrifuged at 800 °C. (c) Mixed phases from the reaction

centrifuged at 650 °C.
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Figure 5. (a) Magnetic susceptibility data (y = M/H) for a crystal of CeNiy;,Ga;,4 oriented with the ¢ axis parallel (black open diamond) and
perpendicular (red open circle) to the applied field of y,H = 0.05 T. Inset (b) plots the derivatives of the magnetic susceptibilities with respect to
temperature. Black arrow indicates the T at 5.5 K. (c¢) The inverse magnetic susceptibility ' = (M/H)™" vs temperature T oriented with the c axis
parallel (black open diamond) and perpendicular (red open circle) to the applied field of y,H = 0.05 T. The dotted line is a fit to the data using the

modified Curie—Weiss law, as described in the text.

Centrifuging of a reaction at 600 °C yielded mostly
CeNij-,Gaz,6 but a few crystals of Ce,NiGa,, were also
isolated in the product mixture. The presence and low yield of
this phase may indicate that it is formed during the
transformation of CeNij,,Gaz,¢ into Ce,NiGaj, during
cooling. In the in situ neutron diffraction data, a few faint
diffraction peaks appear and disappear as the temperature cools
from 600 to S00 °C (see Figure 3). These peaks are consistent
with the calculated pattern for Ce,NiGa,, (the peak at d-
spacing of 2.5 A corresponding to the (019) reflections, the
peak at 3.8 A to the (013) reflections, and the peak at 6.6 A to
the (004) reflections). Roughly doubling the formula of
CeNiy,4Gaz,5 to "Ce,NiGa,”, the transformation during
cooling of this flux reaction is thus Ce,NiGa, — Ce,NiGa,,
— Ce,NiGay,. This indicates the intercalation of gallium from
the flux into the cooling structure as the nickel position
becomes more ordered, moving into the antifluorite NiGa,
slabs that further separate as more gallium enters the structure.

Single-Crystal X-ray Diffraction Studies. Flux-grown
CeNij,Gas 6 Ce)NiGayy, and Ce,NiGay, appear similar
under the microscope, all forming as silver rectangular plates.
Images of CeNij-,Gas,¢ and Ce,NiGa,), are shown in Figure
4a,b. It was not possible to isolate the intermediate Ce,NiGa,,
as a pure phase. Crystals of this compound were occasionally
obtained from reactions centrifuged at or near 600 °C, mixed
with crystals of the other Ce/Ni/Ga phases; the poor quality of
the transforming crystals is evident in their fragmented

appearance (Figure 4c). Elemental analyses from EDS data
of a sample centrifuged at 800 °C show 20.16(4) mol % Ce,
7.02(2) mol % Ni, and 72.83(1) mol % Ga, supporting a
stoichiometry of CeNi;,,Ga;,e Similar analysis of crystals
isolated from centrifuging a reaction at 500 °C yielded values
of 23.86 mol % Ce, 5.58 mol % Ni, and 70.56 mol % Ga,
consistent with the Ce,NiGa,, structure; see Table 1.
Single-crystal X-ray diffraction data on crystals isolated from
reactions centrifuged below 500 °C were in agreement with the
previously reported Ce,NiGa,, structure.” This forms in the
tetragonal space group P4/nbm (see Figure 1). Centrifuging
above the transition temperature yields crystals of BaAl,-type
CeNi,Ga,_, in tetragonal space group I4/mmm. Refinement of
SC-XRD data indicates that nickel and gallium mix on the 4e
Wyckoff site (37.6 and 62.4% respective occupancy). The 4d
site is occupied only by gallium. The resulting stoichiometry is
CeNiy;,Ga; 54 This stoichiometry was consistently observed in
all crystals that were centrifuged at various temperatures above
650 °C (analyzed by EDS and SC-XRD), indicating that the
Ni/Ga ratio in the precipitated phase is constant. The Ni/Ga
siting observed for our flux-grown samples is different from
that reported by Cava et al. for CeNiGays; they observed Ni/Ga
mixing in 25/75% amounts on both 4d and 4e sites.” On the
other hand, our results support the hypothesis given by Grin et
al. in their 1990 report on CeNi,Ga,_,; based on the
dependence of unit cell parameters on x and analogies to
isostructural CePd,Ga,_,, they assumed that Ni preferentially
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mixed on the 4e site, although Ni/Ga mixing could not be
refined at the time.”” Similarly, our flux reactions with
lanthanum (La/Ni/Ga, 2:1:20 mmol ratio) centrifuged above
750 °C produced LaNij35Gasz 45, with Ni/Ga mixing on the 4e
Wyckoff site and only gallium found on the 4d Wyckoft
position. SEM-EDS elemental analysis data indicated values of
20.0(2) mol % La, 5.32(7) mol % Ni, and 74.7(3) mol % Ga,
which correspond to a stoichiometry slightly richer in gallium
(LaNiy;Gas,) than the SC-XRD refinement. It is notable that
BaAl,-type binary phases LaGa, and CeGa, have not been
reported; some nickel incorporation appears necessary to
stabilize the structure.

Magnetic Susceptibility. As summarized in Figure S,
temperature-dependent magnetic susceptibility y(T) data were
collected for LaNij35Gas 45 and CeNiy,,Gay,6 single crystals
with the magnetic field of 0.05 T applied parallel and
perpendicular to the crystallographic ¢ axis. The lanthanum
analog shows temperature-independent behavior that is weakly
diamagnetic (data shown in the Supporting information,
Figure S1). This is likely due to a combination of weak Pauli
paramagnetism from the conduction electrons combined with
the core diamagnetism. In contrast, the cerium compound
shows Curie—Weiss paramagnetic behavior at high temper-
atures, consistent with the cerium ions being in a trivalent
state. Easy ab-plane anisotropy is observed, with a sharp rise in
J near T = 5.6 K indicating ferromagnetic ordering. This is a
higher ordering temperature than what is seen in other
CeNi,Ga,_, analogs (CeNiGa; and CeNiysGass show T¢
values of 2 and S K, respectively), showing that the Ni/Ga
ratio tunes the magnetic behavior.'”*° For T < T¢, y(T) for H
applied perpendicular to the ¢ axis is significantly higher than in
the parallel orientation, consistent with the moments aligning
in the ab-plane in the ordered state. This is in contrast to many
Kondo lattice ferromagnets that order along the magnetically
hard direction of the Kramers doublet.® Instead, it resembles
what is seen for the local moment ferromagnet CePd,P,, where
the %gramagnetic easy axis is the same as the ordered state easy
axis.

Further insight is gained from fits to the high-temperature
data (100 K < T < 300 K) using a modified Curie—Weiss law
(x=1[C/(T = 0)] + x,) as seen in Figure Sc. The fits yield very
small values of y, = —0.00069 and 0 emu/mol for H applied
parallel and perpendicular to the crystallographic ab-plane,
consistent with the small diamagnetic signal of the lanthanum
analog (Figure S1). Large differences in the Curie—Weiss
constant are also observed (6 = —111 and 16.3 K for H parallel
and perpendicular to ¢, respectively), reflecting the anisotropy
of the magnetic coupling. The magnetic moment per cerium
ion, calculated from Curie constant C, is similar in both
orientations (f.¢ = 2.39 and 2.46 py/fu. for parallel and
perpendicular orientations, respectively) and is in agreement
with the expected value of 2.54 uj for trivalent cerium. Finally,
at temperatures below 50 K, there is a deviation from the
Curie—Weiss behavior due to crystal electric field splitting of
the Hund’s rule multiplet.

Magnetization data collected for CeNiy,,Gaz,6 at 1.8 K
(below the ordering temperature) also reveal ferromagnetic
order with strong anisotropy (Figure 6). The data collected
with the field perpendicular to the ¢ axis clearly show a
saturation of the magnetization above 0.5 T, with an M, of 1.5
ug per formula unit. This value resembles what is seen for
other Ce-based ferromagnets with crystal electric field split
ground states.””® The lack of hysteresis indicates soft

CeNiy 74,Ga; 56
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Figure 6. Magnetization data collected at 1.8 K for a single crystal of
CeNi,4Gas ¢ oriented with the ¢ axis parallel and perpendicular to
the applied field.

ferromagnetism. There is no clear saturation for the data
collected with the field parallel to the c axis, although there is a
subtle increase in M at large fields that may indicate the onset
of a metamagnetic phase transition.

Electronic Properties. Temperature-dependent heat
capacity C(T) data for LaNij35Ga; 65 and CeNiy,,Gas,6 single
crystals are shown in Figure 7a. At elevated temperatures, both
compounds exhibit similar behavior, reflecting comparable
lattice contributions. Near 10 K, C/T for the Ce-analogue
deviates from the lattice behavior by gradually increasing with
decreasing T due to the onset of magnetic fluctuations that
precede the magnetic ordering seen in (T) at Tc = 5.6 K. C/T
subsequently drops to smaller values but only reaches 0.56 J/
mol-K? at 1.8 K, indicating a substantial residual magnetic heat
capacity that obscures the electronic component of the heat
capacity expressed by the Sommerfeld coefficient y. To
overcome this, we use the expression C/T = y + BT to fit
the data for CeNi,,,Ga;,¢ in the temperature range of 13.2 K
< T < 20.0 K, from which we find y = 32.1 mJ/mol-K? This is
compared to the value y = 3.77 mJ/mol-K* for the lanthanum
analogue (fitting the data from 1.8 to 7.0 K). The Sommerfeld
coefficient y is proportional to the charge carrier effective mass
and is often enhanced in "heavy fermion” cerium-based
materials where there is strong hybridization between the f-
and conduction electron states. The y value of 32.1 mJ/mol-K*
for CeNigy-,Ga;,6 shows that the effective mass of its charge
carriers is slightly higher than that of the La analog. These fits
also yield the values 8 = 0.92 mJ/mol-K* for CeNij,,,Ga; ,5 and
0.44 mJ/mol-K* for LaNig;sGa, 45, which are used to calculate
127°R

sp

and 164.0 K. However, note that the La analogue only
saturates toward a quadratic temperature dependence below T
= 10 K. This suggests that the fits for the Ce compound above
this range are not completely in the low temperature limit of
the Debye function, which leads to some uncertainty in the
value of y. It is nonetheless clear that y is enhanced by
comparison to the La analogue as seen in the offset between
the C/T curves at temperatures above 10 K, consistent with
there being marginal Kondo lattice hybridization.

Further insight is gained from the electrical resistivity
measurements (Figure 7b), which reveal metallic behavior for
both compounds. Both analogs have RRR values (p300x/P10x)
of 1.3—1.4, likely due to the inherent disorder in the structure

1/3
the respective Debye temperatures 6 = < ) = 1282
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Figure 7. (a) Temperature-dependent heat capacity for LaNij35Gases and CeNiy,4Gasag at low temperatures below 30 K. The black arrow
indicates the transition temperature T at 5.62 K. Inset (b) shows heat capacity C vs temperature T data in the temperature range from 1.8 to 300
K. Inset (c) shows C/T vs T” data at low temperatures with solid lines representing the C/T =y + ST relation as described in the text. (d)

Electrical resistivity data for LaNij35Ga;¢s and CeNiy-,Gaj o

caused by Ni/Ga mixing on the 4e Wyckoff site. We
additionally note that the temperature dependence for
CeNiy-,Gaz,s exhibits curvature at elevated temperatures
that is associated with the interactions between the conduction
electrons and the f-states. The electrical resistivity of this
compound also decreases abruptly near T due to the removal
of spin disorder scattering.

Electronic Structure Calculations. To investigate the
effects of Ni/Ga mixing in the structure, density of states
(DOS) calculations were carried out on two models: LaNi,Ga,
and LaGa,. Both models are based on the structural data
collected for CeNij,,Ga;z,y with the mixed occupancy 4e
Wyckoff site modeled as fully occupied by either nickel
(yielding LaNi,Ga,) or gallium (yielding LaGa,). As seen in
Figure 8, both models have a nonzero DOS at the Fermi level,

40
= |aNi,Ga,
35

= LaGa,

30

25

20

15

Density of States

10

Energy (eV)

Figure 8. Density of states diagrams of the nickel-rich LaNi,Ga, (blue
line) and the gallium-rich LaGa, (red line) models. Fermi level
indicated by the dashed line at 0 eV.

in agreement with their metallic character. A narrow cluster of
4f-bands from the La>* ions is positioned above the Fermi level
(centered at 1.6 and 3.1 eV for LaGa, and LaNi,Ga,,
respectively). The LaNi,Ga, model features bands derived
from nickel 3d-orbitals from —1 to —3 eV below Ep. These
bands are filled; therefore, nickel does not contribute to the
magnetism of the compound.

The actual compound CeNij~,Ga;,4 has a different electron
count, intermediate between the two models but closest to the
LaGa, model. The density of states for LaGa, has a pseudogap
below the Fermi level at —1 eV. Replacing Ga in the structure
with Ni reduces the overall number of electrons, potentially
shifting Er into this pseudogap. Similarly, the LaNi,Ga, model
has a pseudogap at around 2 eV above the Fermi level
Replacing some of the nickel with gallium may act to shift the
Fermi level into this pseudogap. This points to the stabilizing
effect of Ni/Ga mixing in this compound; positioning Eg in a
pseudogap tends to stabilize intermetallic compounds.

B CONCLUSIONS

In situ neutron diffraction data provide crucial information for
the discovery and isolation of compounds that form at high
temperatures, as exemplified by the crystal growth of
CeNiy4Ga;,4 and LaNig35Gay,, in gallium flux reactions. It
is notable that as the reaction is cooled, the products
interconvert to form structures that incorporate more of the
flux element. The ability to isolate the cerium analog as large
crystals enabled the study of its strongly anisotropic
ferromagnetic ordering. Further experimentation with this
system will be conducted to determine if different ratios of
elements could produce different nickel contents and sitings in
the CeNi,Ga,_, structure or whether a different structure
becomes favored. The disparity in the value of x for the cerium
and lanthanum analogs is also of interest; from the reactant
ratios, a 2:1 R/Ni incorporation (leading to a stoichiometry of
RNi;sGays) would be expected for both. The observed
differences may indicate a potential size effect or possibly a
slower equilibrium for one of the systems. If the latter is the
case, modifying the cooling rate or adding an annealing step
may enable the system to reach equilibrium and form products
with the expected stoichiometry.
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