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Ce3Bi4Au3 crystallizes in the same noncentrosymmetric cubic structure as the prototypical Kondo insu-
lator Ce3Bi4Pt3. Here we report the physical properties of Ce3Bi4Au3 single crystals using magnetization,
thermodynamic, and electrical-transport measurements. Magnetic-susceptibility and heat-capacity data reveal
antiferromagnetic order below TN = 3.2 K. The magnetic entropy Smag reaches R ln2 slightly above TN , which
suggests localized 4 f moments in a doublet ground state. Multiple field-induced magnetic transitions are
observed at temperatures below TN , which indicate a complex spin structure with competing interactions.
Ce3Bi4Au3 shows semimetallic behavior in electrical resistivity in contrast to the majority of reported cerium-
based 343 compounds which are semiconducting. Electrical-resistivity measurements under hydrostatic pressure
reveal a slight enhancement of TN under pressures up to 2.3 GPa, which supports a scenario wherein Ce3Bi4Au3

belongs to the far left of the Doniach phase diagram dominated by Ruderman-Kittel-Kasuya-Yosida interactions.
Using realistic many-body simulations, we confirm the semimetallic electronic structure of Ce3Bi4Au3 and
quantitatively reproduce its local moment behavior in the paramagnetic state.

DOI: 10.1103/PhysRevB.108.245125

I. INTRODUCTION

Cerium-based ternary compounds crystallizing in the cu-
bic Ce3X4T3 (X denotes Bi and Sb and T is a transition
metal) structure present a wide variety of ground-state prop-
erties owing to the delicate interplay between the crystal
lattice, the electron filling, and the hybridization between f
electrons and the conduction electron sea. For instance, the
isoelectronic compounds Ce3Bi4Pt3 and Ce3Sb4Pt3 exhibit
Kondo-insulating behavior in an intermediate valence regime
[1–4], whereas the ground state of Ce3Bi4Pd3 has been argued
to be either a Weyl-Kondo semimetal or a Kondo insulator
with a narrower gap compared to Ce3Bi4Pt3 [5–10].

In contrast, substitution by group 11 transition metals, such
as Cu or Au, tends to drive Ce ions into a localized 3+ state
and tune the material towards a band insulating/semimetallic
state [11–13]. Though Ce3Sb4Au3 presents semiconducting
behavior seemingly similar to that of the Pt counterpart, the
origin of the gap cannot be Kondo hybridization. Instead, the
electron count through the Zintl concept (3Ce3+ + 4Sb3− +
3Au1+ = +9 − 12 + 3) is suggestive of a conventional semi-
conducting gap [14]. Interestingly, Ce3Sb4Au3 shows a large
specific heat coefficient at low temperatures, which is unex-
pected in a semiconductor with localized f electrons. This
unusual behavior has been attributed to the presence of an
f -level resonant state within a conventional band gap [15,16].
In the case of Ce3Sb4Cu3, an activated behavior in the electri-
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cal resistivity with decreasing temperature was initially taken
as evidence of a semiconducting gap [17]. Later studies using
optical reflectivity and Hall measurements, however, argued
against the presence of an energy gap, and the tempera-
ture dependence of the electrical resistivity was ascribed to
changes in the carrier mobility, categorizing Ce3Sb4Cu3 as a
semimetal [13]. Finally, Ce3Sb4Au3 does not order magnet-
ically, whereas Ce3Sb4Cu3 undergoes magnetic ordering at
10 K to a canted antiferromagnetic (AFM) phase [18–20].

Ce3Bi4Au3, a less studied compound in the 343 fam-
ily, also crystallizes in the cubic Y3Sb4Au3-type structure
(space group I43d) [14]. Magnetic susceptibility measure-
ments reveal a Curie-Weiss behavior consistent with Ce3+

local moments which undergo antiferromagnetic ordering
at TN = 2.9 K [14]. Electrical-resistivity measurements in
R3Bi4Au3 (R = La, Nd, and Sm) revealed a weak decrease
in resistivity on cooling with a corresponding residual resis-
tivity ratio (ρ300 K/ρ10 K) of only about 1.3–1.4 [14]. This
poor metallic behavior was taken as an indication that mem-
bers of the R3Bi4Au3 family are doped semiconductors with
largely temperature-independent electrical resistivities. No-
tably, these materials show a large Seebeck value, which holds
promise for thermoelectric applications [14,21,22].

In this article, we investigate the physical properties of
Ce3Bi4Au3 single crystals by means of magnetic, thermody-
namic, and electrical-transport measurements. The magnetic
ground state of Ce3Bi4Au3 is characterized in detail along
with the effect of magnetic field and hydrostatic pressure. Our
results reveal localized f moments in a crystalline electric
field doublet ground state. Under hydrostatic pressure, TN
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slowly increases, which indicates Ce3Bi4Au3 is dominated
by Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions that
lead to its AFM ground state. Many-body calculations, per-
formed in the framework of density functional theory plus
dynamical mean field theory (DFT + DMFT), reveal the pres-
ence of a small electron pocket at the Fermi level in the
paramagnetic phase, which confirms its semimetallic nature.
The simulations further yield a Curie-Weiss magnetic suscep-
tibility in quantitative agreement with experiments. Together,
our combined experimental and theoretical results enable a
broader comparison between Ce 343 compounds and shed
light on the distinct ground states in this family.

II. METHODS

Single crystals of Ce3Bi4Au3 and La3Bi4Au3 were
grown by the Bi-flux method with a starting composition
Ce(La):Au:Bi = 1:2:15. The starting materials were loaded
into an alumina crucible and sealed in an evacuated quartz
tube. The quartz tube was then heated to 850 ◦C at 85 ◦C/h
and held at this temperature for 36 h, followed by a multistep
cooldown to 750 ◦C in 1 h, then to 550 ◦C in 100 h, and
finally to 400 ◦C in 50 h. Excess Bi flux was removed by
centrifugation after heating the quartz tube to 450 ◦C. Single
crystals of polyhedral shape with largest dimension of about
1.5 mm were obtained. The crystallographic structure was
verified at room temperature by a Bruker D8 Venture single-
crystal diffractometer equipped with Mo radiation.

Magnetization measurements were carried out in the tem-
perature range 1.8–350 K and in magnetic fields to 7 T using a
superconducting quantum interference device vibrating sam-
ple magnetometer (MPMS3, Quantum Design). High-field
magnetization measurements to 30 T in pulsed magnetic fields
were performed at the National High Magnetic Field Labo-
ratory, Los Alamos, USA. The heat capacity was measured
in a Quantum Design Physical Property Measurement Sys-
tem (PPMS) using a calorimeter that utilizes a quasiadiabatic
thermal relaxation technique. Electrical-resistivity measure-
ments were performed on polished crystals in a standard
four-terminal method wherein electrical contacts to the sam-
ples were made using 12.5-µm platinum wires and silver
paste. Magnetoresistance was obtained in the transverse ge-
ometry where the magnetic field was applied perpendicular
to the current flow. Electrical-transport measurements under
hydrostatic pressure were carried out using a double-layered
piston-cylinder-type pressure cell with Daphne 7373 oil as
the pressure-transmitting medium. The pressure inside the
sample space was determined at low temperatures by the shift
of the superconducting transition temperature of a piece of
lead. Electrical resistivity was measured using an ac resistance
bridge (Model 372, Lake Shore) at a measuring frequency
of 13.7 Hz together with a PPMS. All measurements were
performed on unoriented single-crystal samples.

For the many-body DFT + DMFT simulations, we ini-
tialized the crystal structure of Ce3Bi4Au3 with atomic
positions from Ref. [14] and the experimental lattice constant
a = 10.221 Å of the present work. Within the confines
of space group I 4̄3d , only the position (u, u, u) of the Bi
site is not predetermined. We relax this coordinate within
density functional theory (with the Perdew-Burke-Ernzerhof
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FIG. 1. Temperature dependence of the magnetic susceptibility
χ = M/H (left axis) of Ce3Bi4Au3 measured under magnetic field
μ0H = 0.1 T. The inverse magnetic susceptibility χ−1(T ) is plotted
on the right axis. The red solid line is a fit using Curie-Weiss law
in the temperature interval 100 K � T � 350 K. The inset presents
a close-up of the low-temperature χ (T ) highlighting the peak at
3.2 K corresponding to the antiferromagnetic transition. The red star
stands for the local susceptibility calculated from electronic structure
simulations.

functional) using WIEN2K [23]. Dynamical mean field the-
ory calculations were then performed in the same realistic
setting (DFT + DMFT) as previously for Ce3Bi4Pt3 [24,25]
with the code of Haule et al. [26], which includes spin-orbit
coupling, charge self-consistency, and full Coulomb inter-
actions parametrized by a Hubbard U = 5.5 eV and Hund’s
J = 0.68 eV. The impurity problem was solved using
continuous-time quantum Monte Carlo in the hybridization
expansion and the Ce 4 f hybridization was accounted for
in an energy window of ±8 eV around the Fermi level. Re-
sults shown use the nominal double-counting scheme [26].
Magnetic degrees of freedom are assessed by sampling the
local (impurity) spin susceptibility. Analytical continuation
was performed as described in Ref. [26]. Transport properties
were simulated in linear response, following the methodology
of Ref. [27].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility and magnetization

The temperature-dependent magnetic susceptibility χ (T )
of Ce3Bi4Au3, measured in an applied magnetic field of
μ0H = 0.1 T, is depicted in Fig. 1. At high temperatures,
Ce3Bi4Au3 shows paramagnetic behavior, and its susceptibil-
ity follows the Curie-Weiss (CW) law. A CW fit to the χ−1(T )
data (Fig. 1, right axis) using χ (T ) = χ0 + C/(T − θW)
in the temperature range 100 K � T � 350 K yields χ0 =
1.3(2) × 10−4 emu/molCe, the Curie constant C = 0.79(1)
emu K/molCe, and the Weiss temperature θW = −6(1) K.
The effective moment μeff = √

8C = 2.51μB is close to the
expected value of 2.54μB for a free Ce3+ ion. The nega-
tive value of θW indicates predominantly antiferromagnetic
interaction between the moments. The deviation of χ (T ) from
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FIG. 2. (a) Magnetization of Ce3Bi4Au3 versus applied magnetic
field, measured at different temperatures. The derivative dM/dH is
plotted in the inset. Various features in M(H ) are indicated by the ar-
rows. (b) High-field magnetization measured at several temperatures.

CW behavior for temperatures below approximately 75 K is
likely related to crystalline electric field effects as discussed
below. At low temperatures, Ce3Bi4Au3 orders antiferromag-
netically at around TN = 3.2 K, as evidenced by a cusplike
feature in χ (T ) (see the inset of Fig. 1). The magnetic
transition temperature and the CW parameters are in good
agreement with previously reported values [14].

The magnetization of Ce3Bi4Au3 as a function of ap-
plied field M(H ) measured at different temperatures below
and above TN is plotted in Fig. 2. At T = 2 K, M(H ) dis-
plays several slope changes, which are likely associated with
changes in the magnetic structure. Three noticeable features at
μ0H = 0.5, 2.6, and 3.2 T (marked by arrows) are detected
in derivative dM/dH curves plotted in the inset of Fig. 2(a).
These multistep spin-reorientation transitions have been ob-
served in other Ce-based materials and are a telltale sign
of complex spin structures arising from competing exchange
interactions (i.e., magnetic frustration) [28,29]. Figure 2(b)
shows the isothermal magnetization for magnetic fields to
30 T. Here the magnetization data are scaled to match the
low-field data from MPMS3 measurements. At T = 1.8 K,
M reaches a value of 1.3μB/Ce at μ0H = 30 T, which is
much smaller than the full saturation moment of the J =
5/2 multiplet. Similar magnetization values are also ob-
served for isostructural compounds Ce3Sb4Au3 [15,30–32]
and Ce3Sb4Cu3 [13,20] whose crystalline electric field (CEF)
ground states are Kramers doublets.

B. Heat capacity

Figure 3(a) presents the temperature dependence of the
heat capacity of Ce3Bi4Au3 and, as a reference, the non-
magnetic isostructural compound La3Bi4Au3, plotted as Cp/T
versus logT . The sharp peak in Cp/T of Ce3Bi4Au3 at
T = 3.2 K corresponds to the AFM ordering and is consistent
with the magnetic-susceptibility data. A weak feature in Cp/T

1 10 100
0

1

2

3

0

0.5

1

1.5

Schottky fitC
4f
/T
(J
/m
ol
C
eK

2 )

S
m
ag
/R
ln
2

T (K)

(b)

|0〉
|1〉

|2〉

67 K

225 K

0

0.5

1

1.5

2

2.5

C
p/T

(J
/m
ol
Ln
K2
)

Ce3Bi4Au3
La3Bi4Au3

(a)

0 100 200 300
0

0.5

1

(C
p-
C
Sc
h)
/T

(J
/m
ol
C
eK

2 )

T 2 (K2)

FIG. 3. (a) Temperature dependence of the heat capacity of
Ce3Bi4Au3 and the nonmagnetic isostructural compound La3Bi4Au3,
plotted as Cp/T versus logT . (b) Magnetic contribution to the
heat capacity, plotted as C4 f (T )/T versus T (left axis). Here C4 f

is estimated by subtracting the heat capacity of the nonmagnetic
reference compound La3Bi4Au3 from that of Ce3Bi4Au3. The red
solid line is the calculated Schottky contribution assuming three
doublet states. The calculated magnetic entropy Smag(T ) is displayed
in units of R ln 2 (right axis). The inset in (a) shows a fit to the
heat capacity data, after subtracting the Schottky contribution, using
Cp(T ) = γ T + βT 3 in the temperature range 9–15 K.

below 2 K could be related to a change in the magnetic
structure due to competing exchange interactions. In the inset
of Fig. 3(a), the heat capacity of Ce3Bi4Au3 in the temperature
range 9–15 K is fitted with Cp(T ) = γ T + βT 3 + CSch(T ),
where CSch(T ) is the contribution from the excited CEF levels
discussed below. The fit yields an estimate of the Sommer-
feld coefficient γ = 41(2) mJ/molCeK2, which implies rather
weak electron-correlation effects.

The magnetic contribution to the heat capacity of
Ce3Bi4Au3 is estimated by subtracting the heat capacity of the
nonmagnetic reference compound La3Bi4Au3 [see Fig. 3(b)].
Here Cp(T ) of La3Bi4Au3 is measured down to 2 K and the
data are fitted with Cp(T ) = γ T + βT 3 for 2–15 K to estimate
Cp(T ) down to low temperatures. The magnetic entropy Smag,
obtained by integrating C4 f /T over T , reaches about 80%
of R ln2 at TN and presents a small plateau before continu-
ously increasing with a further increase in temperature. This
behavior corroborates a CEF doublet ground state which is
well separated from the excited CEF levels. The large value
of Smag near TN points to the localized nature of the Ce mo-
ments and a rather weak Kondo effect in Ce3Bi4Au3. We note
that the full magnetic entropy of R ln2 for a doublet state is
recovered only at around 10 K, which can be ascribed to the
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formation of short-range correlations leading up to the AFM
long-range order. Within the mean field approximation, the
jump in heat capacity �C4 f at TN can be used to estimate
the Kondo scale [33,34]. Here �C4 f = 5.86 J/molCe K at TN ,
yielding a Kondo temperature of TK ≈ 4 K. We note that this
is probably an overestimation of TK due to the broad nature of
the heat capacity anomaly; however, this estimate also reflects
the weak Kondo effect in Ce3Bi4Au3.

Further insights into the CEF scheme of Ce3Bi4Au3 can be
obtained from C4 f (T ) data in the paramagnetic region, which
reveals a broad hump centered around 20 K reminiscent of
a Schottky anomaly associated with the excited CEF levels.
Even though the overall crystal structure of Ce3Bi4Au3 has
cubic symmetry, the Ce sites have tetragonal point symmetry
due to the distorted tetrahedral arrangement of surrounding
Au atoms. In the presence of a CEF with a tetragonal sym-
metry, the sixfold-degenerate levels of Ce3+ ion with total
angular momentum J = 5/2 split into three Kramers doublets
which are energetically separated from each other. Therefore,
the high-temperature part of the C4 f (T ) data can be described
by a Schottky contribution for a three-level system as

CSch(T ) = R

T 2

∑
i

∑
j gig j�i(�i − � j )e−(�i+� j )/T

(∑
i gie−�i/T

)2 , (1)

where R is the gas constant; i, j = 0, 1, 2; gi is the degeneracy
of each level; and �i is the energy separation from the ground
state. Experimental data for Ce3Bi4Au3 in the temperature
range 10–200 K are well reproduced by Eq. (1) with the first
and second excited levels at 67 and 225 K, respectively. We
note that C4 f (T ) become much smaller at higher temperatures
and become comparable to the experimental error in the heat
capacity of Ce3Bi4Au3 and La3Bi4Au3. Therefore, the highest
excited CEF level is only a rough estimation. A schematic
representation of the CEF levels is depicted in the inset of
Fig. 3(b). A similar CEF scheme has also been reported
for the isostructural compounds Ce3Sb4Au3 [15,30–32] and
Ce3Sb4Cu3 [13,20].

The Cp/T of Ce3Bi4Au3 as a function of temperature for
several applied magnetic fields is shown in Fig. 4. Initially,
the peak in Cp/T shifts to lower temperatures with increasing
field, a behavior typical of AFM ordering. For fields above 3 T,
the peak in Cp/T becomes much broader and shifts to higher
temperatures with a further increase in field. This is consis-
tent with the field-induced spin reorientation observed in the
magnetization data. The broad hump in Cp/T under higher
fields corresponds to the crossover from the paramagnetic to
the field-polarized phase.

C. Electrical transport

The electrical resistivities ρ(T ) of Ce3Bi4Au3 and
La3Bi4Au3 are shown in Fig. 5. Both materials exhibit
semimetallic behavior with room temperature resistivities in
the range of 1–3 m� cm. The ρ(T ) of both materials appear
to be sample dependent, probably due to the presence of
inclusions of unwanted phases due to excess flux used in the
sample growth. For instance, the resistivity of polycrystalline
La3Bi4Au3 reported earlier is an order of magnitude larger
than that we obtained here [14]. The contributions from im-
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FIG. 4. Plot of Cp/T vs T of Ce3Bi4Au3 measured under differ-
ent applied magnetic fields.

purity inclusions in our crystals could not be removed even
after carefully polishing the samples, which implies that the
inclusions may be present within the bulk of the crystals.
The effect of impurity inclusions on the magnetotransport
data is discussed in Appendix A. Similar issues of impurity
inclusions in electrical-transport data have been reported in
other members of the 343 compounds [9,15].

The resistivity of Ce3Bi4Au3 presents a broad curvature
centered around approximately 70 K, which is arguably at-
tributed to additional scattering originating from thermal
population of excited CEF levels. Note that the temperature
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FIG. 5. (a) Temperature dependence of the electrical resistivity
ρ(T ) of Ce3Bi4Au3 and La3Bi4Au3. The inset shows an enlarged
view of the low-temperature part of ρ(T ). The temperature deriva-
tive of resistivity dρ/dT of Ce3Bi4Au3 is plotted on the right axis.
Arrows indicate the anomalies corresponding to AFM ordering in
Ce3Bi4Au3 and stars denote the superconducting transitions possibly
coming from Au2Bi inclusions.

245125-4



LOCALIZED f -ELECTRON MAGNETISM IN THE … PHYSICAL REVIEW B 108, 245125 (2023)

0 0.5 1 1.5 2 2.5
2.5

3

3.5

4

4.5

T N
(K
)

p (GPa)

2.5

3

3.5

4

0H
m
(T
)

(c)

0 2 4 6 8 10

-20

-10

0

10

20

M
R
=
[ρ
−ρ

1T
]/ρ

1T
%

0H (T)

0.02
0.40
0.93
2.27

p (GPa)

(b) T = 3 K

0 50 100 150 200 250

0.4

0.6

0.8

1

ρ/
ρ 2
50
K

T (K)

0.02
0.40
0.93
1.53
2.27

p (GPa)

Ce3Bi4Au3(a)

2 4 6 8 10

0.6

0.8

1

ρ/
ρ 2
50
K

T (K)

p

FIG. 6. (a) Normalized resistivity ρ/ρ250 K of Ce3Bi4Au3 vs T
under several applied pressures. The inset shows an enlarged view
of the low-temperature region of the curves. (b) Magnetoresistance
MR = [ρ − ρ1 T]/ρ1 T as a function of magnetic field measured at
T = 3 K and different pressures. (c) Pressure dependence of the
AFM transition temperature TN (left axis) and the spin-reorientation
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scale corresponding to the broad feature coincides with the
CEF splitting obtained from heat-capacity data. At low tem-
peratures, another increase in ρ(T ) is observed below 10 K
followed by a pronounced kink at about 3.2 K due to the
loss of spin-disorder scattering below TN . The upturn in re-
sistivity below 10 K coincides with the recovery of R ln2
entropy in heat capacity and likely corresponds to the onset of
short-range interactions and/or Kondo scattering. Here TN is
determined from the maximum in the temperature derivative
of resistivity dρ/dT (marked by the arrow in the inset of
Fig. 5). The ρ(T ) of both Ce3Bi4Au3 and La3Bi4Au3 show
a sudden drop below T ≈ 2.2 K, which is likely due to the
inclusion of superconducting Au-Bi binaries, such as Au2Bi
[35]. The lack of any associated feature in either magnetic sus-
ceptibility or heat capacity suggests that the impurity volume
fraction is very small.

D. Effect of hydrostatic pressure

The evolution of the magnetic transition in Ce3Bi4Au3

is studied using electrical-transport measurements under
hydrostatic pressure. The temperature dependence of the
normalized electrical resistivity ρ/ρ250 K for several applied
pressures is plotted in Fig. 6(a). The anomaly in resistivity
corresponding to the AFM transition slightly shifts to higher
temperatures with increasing pressure and reaches 4.6 K at
p = 2.27 GPa [see the inset of Fig. 6(a)]. The TN , estimated

from the maximum in the corresponding dρ/dT curve, as a
function of pressure is plotted in Fig. 6(c). The TN increases
linearly with pressure and a linear fit to the data yields the
slope dTN/d p = 0.48 ± 0.01 K/GPa. This enhancement in
TN is consistent with the Doniach phase diagram wherein
the behavior of TN (p) is described by the competition be-
tween RKKY and Kondo interactions [36]. The strongly
localized nature of the 4 f moments and weak Kondo scale
place Ce3Bi4Au3 in the far left of the Doniach phase diagram
dominated by RKKY interaction. In this region, the increase
in hybridization strength with pressure predominantly en-
hances the RKKY interaction and hence the magnetic order.
Therefore, much higher pressure may be needed to suppress
magnetism in Ce3Bi4Au3.

The relative change in transverse magnetoresistance MR =
[ρ − ρ1 T]/ρ1 T as a function of magnetic field measured at
T = 3 K for several pressures is displayed in Fig. 6(b). Here
MR(H ) is obtained by symmetrizing the resistivity data mea-
sured in positive and negative magnetic fields to correct for
the misalignment of electrical contacts. The MR(H) shows
a steep increase for fields up to 1 T. This is possibly due to
the presence of excess Bi or Au-Bi binaries in the samples.
The fact that this feature persists up to temperatures much
higher than TN and also present in nonmagnetic La3Bi4Au3

(see Fig. 8 in Appendix A) supports an extrinsic origin. A
detailed discussion of the effect of impurity inclusions on the
magnetotransport is provided in Appendix A. It is also worth
noting that very similar positive MR for fields up to 1 T is
reported in flux grown samples of (Ce, La)3Bi4Pt3 [37]. A
common feature in all these materials is the possibility of
Bi-related inclusions in the samples. Nevertheless, the MR
data above 1 T reflect the intrinsic properties of Ce3Bi4Au3,
namely, positive MR followed by a sudden decrease at the
spin-reorientation transition. The initial positive MR can be
explained by the cyclotron motion of the conduction electrons
[38]. The sudden decrease in MR at the spin-reorientation
transition is due to the loss of spin-disorder scattering as
the system goes from AFM to the field-polarized phase. The
critical magnetic field for this transition monotonically in-
creases with increasing pressure, as shown on the right axis of
Fig. 6(c). This further substantiates that the AFM phase is sta-
bilized by the application of pressures up to 2.3 GPa. Another
noticeable feature in the pressure evolution of the ρ(T )/ρ250 K

curves is that the broad hump in resistivity associated with the
scattering from the excited CEF level gradually shifts to lower
temperatures with increasing pressure. This would imply that
the CEF scheme is modified by the application of pressure and
the energy gap between the CEF ground state and the excited
levels is slightly lowered by increasing pressure.

E. Electronic structure simulations

The 4 f states of Ce hold the key to understanding the prop-
erties of Ce3Bi4Au3. Depending on the compound, Ce3X4T3,
the physics can be very different: The 4 f 0 reference mate-
rial La3Bi4Au3 is insulating within band theory [14] whereas
La3Bi4Pt3 is metallic [4,39]. The extra 4 f electron from
cerium then leads, when neglecting electronic correlations,
to a metallic band structure in Ce3Bi4Au3 (see Fig. 9 in
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ρ (blue circles) and thermopower S (green squares) simulated as a function of temperature, with an added impurity scattering rate 	imp =
20 meV. (c) The valence histogram depicts the probability to find the 4 f electrons of Ce in an atomic-limit state with occupation N and total
angular momentum J . The data of (a) and (c) have been obtained at temperature T = 58 K.

Appendix B), whereas Ce3Bi4Pt3 exhibits a semiconducting
(hybridization) gap [4,40].

Appropriately treating many-body effects in the Kondo
insulator Ce3Bi4Pt3 results in a renormalization of the gap
through an effective-mass enhancement of a factor of 10 as
well as in the emergence of Ce 4 f local moments above the
lattice coherence temperature [4,25]. In contrast, the many-
body spectral function of Ce3Bi4Au3, displayed in Fig. 7(a)
for T = 58 K, exhibits two electron pockets, one at the high-
symmetry point 	 and a slightly deeper one between 	 and H ,
which corroborate the semimetallic behavior observed in ex-
periments. Interestingly, in the Kondo insulator Ce3Bi4Pt3, the
global minimum of the conduction band occurs at the 	 point
[25,41]. The difference between the spectra of Ce3Bi4Au3

and Ce3Bi4Pt3 thus goes beyond a mere shift of the chemical
potential (to account for the additional electron per precious-
metal atom). The energy of the two local minima (one at 	

and one between 	 and H) in the dispersion has been shown
to be strongly influenced by the position (u, u, u) of the Bi
site in the unit cell [24]: A larger u favors the band minimum
to occur between 	 and H . Consistent with this observation,
experiments (simulations) for Ce3Bi4Au3 find u = 0.08642
(u = 0.091), which is larger than u = 0.084 [42] (u = 0.088)
for Ce3Bi4Pt3. In fact, already in the reference compound
La3Bi4Au3, band theory predicts the conduction-band mini-
mum to be in between 	 and H (see Fig. 9). The band structure
of La3Bi4Au3 and the spectral function of Ce3Bi4Au3 are
comparable, with the crucial difference that in Ce3Bi4Au3 the
chemical potential has moved into the conduction band.

To understand this, we inspect the valence histogram in
Fig. 7(c), which displays the decomposition of the Ce 4 f
electrons onto local states with well-defined occupation N
and total angular momentum J: Ce3Bi4Au3 is dominated by
states with N = 1 and J = 5/2. We find valence fluctua-
tions δN =

√〈(N − 〈N〉)2〉 = 0.29 around the mean Ce 4 f
occupation 〈N〉 = 1.07 in Ce3Bi4Au3 at T = 58 K to be
smaller than in the Kondo insulator Ce3Bi4Pt3 (where δN =
0.36 with 〈N〉 = 1.02 [25]). Still, the presence of valence
fluctuations indicates that the 4 f electrons are not fully

localized. Their participation in the bonding means that there
is more itinerant charge available than in the 4 f 0 reference
La3Bi4Au3. As a consequence, the chemical potential has to
move up into the conduction band.

The instantaneous local moment of Ce3Bi4Au3, μinst =
gJ

√
〈J2〉μB/h̄ = gJ

√
〈 j( j + 1)〉μB ≈ 2.65µB (using gJ=5/2 =

0.857), is comparable to both the local moment of iso-
lated Ce3+ ions (mentioned above) and simulations of
Ce3Bi4Pt3 (μinst = 2.64µB [25]). However, the standard
deviation δJ = 0.56 of the total angular momentum is
substantially smaller than δJ = 0.81 of Ce3Bi4Pt3, again
confirming the experimentally inferred stronger localiza-
tion of the f states in Ce3Bi4Au3. Finally, contrary to
Ce3Bi4Pt3 and Ce3Bi4Pd3, the instantaneous local moment
in Ce3Bi4Au3 is hardly screened over time, resulting (when
averaged over time) in a Curie-Weiss-like local magnetic
susceptibility χloc(ω = 0) that is in excellent agreement
with the experimental uniform susceptibility χ (q = 0, ω = 0)
(see Fig. 1).

Based on the (DMFT) electronic structure, we simu-
late transport properties [see Fig. 7(b)]. The resistivity is
only weakly temperature dependent, consistent with ex-
periment and the semimetallic spectrum. Note that the
calculations use an added temperature-independent scatter-
ing rate 	imp = 20 meV to mimic sources of finite lifetimes
other than electronic correlations, e.g., impurity scattering.
The amplitude 	imp is small compared to the scattering
from electron-electron correlations: At the Fermi level, the
Ce 4 f self-energy evaluates to |Im�(ω = 0)| = 109 meV
(184 meV) at T = 58 K (T = 290 K) when averaged over the
J = 5/2 states. However, in Ce3Bi4Au3, transport is mostly
driven by the (non-4 f ) conduction electrons and the decay
of their current is dominated by the impurity scattering [see
Fig. 10(a) in Appendix C]. On an absolute scale, the simu-
lated resistivity is too small by almost an order of magnitude
compared to the experimental values. This discrepancy could
point to larger effects of disorder, e.g., structural defects or the
impurity inclusions discussed above. Indeed, the resistivity of
Ce3Sb4Cu3 was shown to vary by a factor of 10, depending
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on the sample preparation [43]. Similar effects could be re-
sponsible for the semimetallic behavior in the experimental
resistivity of La3Bi4Au3 in contrast to the DFT predicted
insulating gap. Alternatively, off-stoichiometry could cause
a shrinking of the electron pockets, leading to a larger
resistivity.

Further insight comes from the Seebeck coefficient S. As
the ratio of two response functions [44], S is largely insensi-
tive to the magnitude of scattering in metals1 [see Fig. 10(a)].
Its sign provides information on the dominant type of charge
carriers. Congruent with the presence of electron pockets in
Fig. 7(a), the simulated Seebeck coefficient in Fig. 7(b) is
negative. Future measurement of S can thus serve as a valida-
tion of the simulated electronic structure. If the thermopower
of Ce3Bi4Au3 turns out to be positive in experiments, as it
is for Ce3Sb4Au3 [43] and Ce3Sb4Cu3 [47], this might point
towards extrinsic influences or electronic structure effects not
captured here.

IV. SUMMARY

We have investigated the physical properties of cubic
Ce3Bi4Au3 by magnetic, thermodynamic, and electrical-
transport measurements on single-crystalline samples. Mag-
netization and heat-capacity data revealed that the 4 f
moments in Ce3Bi4Au3 are dominantly localized and order
antiferromagnetically below TN = 3.2 K. The localized nature
of the Ce moments and weak/negligible Kondo interactions
were further evidenced by the slight enhancement of TN under
the application of hydrostatic pressure. The electrical resistiv-
ity of Ce3Bi4Au3 showed semimetallic behavior on cooling,
which was corroborated by realistic many-body calculations
that reveal the presence of small electron pockets below the
Fermi level. In addition, the simulations quantitatively repro-
duced the local moment behavior in the paramagnetic state.
Our combined experimental and theoretical investigations
showed that the additional electron per formula unit from Au
atom compared to the Pt/Pd counterparts render Ce3Bi4Au3

as a 4 f -localized semimetallic member of the highly tunable
Ce3X4T3 family of compounds.

Upon publication, the simulation data will be available
from [48].
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APPENDIX A: MAGNETOTRANSPORT:
EFFECT OF IMPURITY INCLUSIONS

The transverse magnetoresistance MR = [ρ − ρ0T]/ρ0T as
a function of magnetic field measured at different temper-
atures for Ce3Bi4Au3 and La3Bi4Au3 is shown in Fig. 8.
The MR(H ) of both compounds show very similar behavior
apart from the contributions from the magnetic transitions
in Ce3Bi4Au3. The sharp increase in MR for fields up to
1 T is clearly seen in both compounds and is nearly tem-
perature independent up to 50 K. In addition, the increase
in MR also shows strong sample dependence for both com-
pounds. All these results point to an extrinsic origin for the
behavior, possibly due to the presence of Bi or Au-Bi in-
clusions in the samples. The resistivity data on all samples
show superconducting transitions at low temperatures com-
ing from tiny inclusions of Au-Bi binaries. These inclusions
may be present in the form of irregular filaments that would
give rise to current inhomogeneities. In addition, the inclu-
sions could range from elemental bismuth to Bi-Au binary
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FIG. 8. Transverse magnetoresistance MR = [ρ − ρ0]/ρ0 as a
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FIG. 9. Band structures of Ce3Bi4Au3 (light blue) and
La3Bi4Au3 (magenta) (see Ref. [14]) within DFT. The system is
insulating (metallic) in the absence (presence) of the 4 f electron,
in direct opposition to the related pair of materials R3Bi4Pt3

(R = Ce and La) [4].

compounds of varying stoichiometry. The normal state of such
binaries often has semimetallic behavior with strong magne-
toresistance properties. In the case of elemental Bi, strongly
anisotropic magnetotransport behavior is observed along with
a semimetal to insulatorlike behavior change under magnetic
field applied along the trigonal axis of the Bi single crystal
[49]. Effects can be further complicated as the inclusions
can have geometries such as a thin layer or filament shape,
which could lead to different properties compared to bulk
samples [50–52]. Notably, a very similar behavior in MR
for fields up to 1 T was reported in flux grown samples of
(Ce, La)3Bi4Pt3 [37]. Even though the authors used a multi-
band model to explain the MR data, the striking similarity
to the MR of (Ce, La)3Bi4Au3 with a significantly different
electronic band structure (induced by the additional electron
per formula unit from Au compared to Pt) is rather suspicious.
A more plausible explanation is the effect of semimetallic
inclusions common to all these materials.

APPENDIX B: DENSITY FUNCTIONAL THEORY

In Fig. 9 we compare the band structures of La3Bi4Au3

(insulating, magenta) and Ce3Bi4Au3 (metallic, blueish).
The spectral function of Ce3Bi4Au3 in Fig. 7(a) incorpo-
rates many-body effects within DMFT and is shown for the
same path in the Brillouin zone. As the Ce 4 f states are
mostly localized, the many-body spectrum of Ce3Bi4Au3 is

FIG. 10. Simulated resistivity and Seebeck coefficient. (a) De-
pendence on the added impurity scattering rate (light to dark: 	imp =
10, 20, 30 meV): blue, resistivity ρ; green, Seebeck coefficient S.
(b) Convergence of ρ and S with the Brillouin zone discretization
(Nk denotes the number of reducible k points). The calculations in
Fig. 7(b) use the finest mesh (Nk = 503).

reminiscent of the La3Bi4Au3 band-structure, albeit with a
chemical potential that is shifted into the conduction band
owing to finite hybridization with the 4 f states.

APPENDIX C: TRANSPORT SIMULATIONS

As alluded to in the main text, the Seebeck coefficient S
of metals is virtually insensitive to (reasonable) changes in
the scattering rate 	 [see Fig. 10(a)]. The resistivity ρ of
metals is instead basically proportional to 	. In the case of
Ce3Bi4Au3, it is 	imp that dominates the response of the con-
duction electrons. Transport simulations of (semi)metals are
delicate. In Fig. 10(b) we therefore assess the convergence of
the response with respect to the Brillouin zone discretization.
At the lowest temperature considered here, T = 58 K, and for
	imp = 20 meV, both ρ and S appear reasonably converged
for a momentum grid with 503 reducible points.
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