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Magnetic field tuned magnetic order and metamagnetic criticality in nonstoichiometric CeAuBi2
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We present a detailed study of magnetization, resistivity, heat capacity, and x-ray and neutron powder diffrac-
tion measurements performed on single crystals of nonstoichiometric CeAuBi2, Au deficiency 18%, a strongly
correlated antiferromagnet with Néel temperature TN = 13.2 K. Field-dependent magnetization measurements
reveal a large magnetic anisotropy at low temperatures with an easy axis along the crystallographic c axis, in
which direction a spin-flop transition exhibits strong features in magnetization, specific heat, and resistivity
at Hc = 75 kOe. The constructed temperature-field phase diagram connects this transition to the suppression
of magnetic order, which evolves from a second-order nature into a first-order transition that bifurcates at the
spin-flop transition into three transitions below 1 K. The smoothed nature of the metamagnetic transitions in
nonstoichiometric CeAuBi2 is well described by an Ising model with weak quenched disorder, suggesting that
the presence of Au vacancies is sufficient to smear the complex metamagnetic behavior and tune the critical
behavior of magnetic order.
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I. INTRODUCTION

The 4 f intermetallic compounds display a rich variety of
possible ground states because of the competition between
the Ruderman-Kittel-Kasuya-Yosida (RKKY) and Kondo in-
teractions [1–3]. Both mechanisms depend on the exchange
interaction J between the local f moment and the conduction
electrons as well as the density of states at the Fermi surface
N (EF ) [4]. With applied pressure, chemical substitution, or
magnetic field, further evolution of these ground states can
be achieved. For example, the magnetic second-order ferro-
magnetic (FM) or antiferromagnetic (AFM) transition evolves
through a continuous phase transition into a quantum crit-
ical point (QCP) at T = 0 with new ground states in the
vicinity of this QCP [4–6]. If the QCP is avoided because
the magnetic transition becomes of the first order, a quantum
phase transition (QPT) occurs upon suppression of magnetism
with magnetic field resulting in very rich and complex T − H
phase diagrams.

In the CeT X2 (where T = Cu, Ag, and Au, and X = Sb
and Bi) family, all compounds order antiferromagnetically
with sizable magnetic anisotropy and the moments along an
easy c axis with the exceptions of CeCuSb2, that has a very
small magnetic anisotropy [7] and no T − H phase diagram
reported, and CeAgSb2, that orders ferromagnetically and for
which c axis is a hard axis [8]. CeCuBi2 [9], CeAuSb2 [10],
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and CeAgBi2 [9,11] all display very rich and complex T − H
phase diagrams for H‖c with few metamagnetic transitions.
Five metamagnetic transitions observed in the T − H phase
diagram of CeAgBi2 (H‖c) were explained as a consequence
of the competing exchange interaction and anisotropy [11].
The anisotropy and crystalline electric field (CEF) parameters
vary strongly with T within the family being the largest for
CeAuBi2 [8,9,11–16].

A similar collection of metamagnetic transitions was re-
cently observed in nearly stoichiometric CeAuBi2 [17], which
exhibits an antiferromagnetic order below TN = 19 K that
increases with applied pressure up to 21 K at 23 kbar [17],
suggesting a rich field-temperature phase space that is sensi-
tive to external tuning parameters. Here, we study the effect of
stoichiometry on the AFM ordering temperature and its evo-
lution with the magnetic field, finding that an 18% deficiency
of Au reduces the Néel temperature to TN ∼ 13 K and tunes
the complex metamagnetic behavior to very low temperatures.
We provide a comprehensive study of the temperature-field
evolution using magnetization, heat capacity, resistivity, and
powder diffraction techniques. We construct a detailed phase
diagram mapping the relation between AFM order and the
field-induced metamagnetic transitions, revealing a spin-flop
transition for fields applied along the magnetic easy-axis, and
construct an Ising model to show that the sharp metamagnetic
transitions are smeared out by weak quenched disorder caused
by Au vacancies. A change in the nature of the in-field mag-
netic transition from continuous to first-order at the lowest
temperatures is understood in the framework of the Ising
model.
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II. EXPERIMENTAL DETAILS

Single crystals of nominally stoichiometric CeAuBi2 were
grown using the high-temperature flux method [18–20].
Chunks of Ce (99.8% purity, AlfaAesar), powder of Au
(99.96% purity, AlfaAesar), and chunks of Bi (99.999% pu-
rity, AlfaAesar) in the ratio of 5:5:90 were placed in the
alumina crucible, sealed in the quartz ampule under partial Ar
pressure, heated to 1100 ◦C, held at that temperature for 2 h,
cooled down at ∼3 deg/min to 670 ◦C at which temperature
the excess Bi was decanted with the help of the centrifuge.
The quartz ampules were opened in the nitrogen-filled glove-
box. The samples before and after measurements were stored
in the glovebox with nitrogen atmosphere as well. Single
crystals ground in air immediately oxidized. The outer layer
of the single crystals degrades relatively quickly if left in
the air. However, if the sample is cleaved, the cleaved surface
shows no degradation. Some surface degradation can also
be seen in the samples stored in the glovebox for a long
time. Magnetization measurements, made twice on the same
sample stored in the glovebox, the second time four months
later, did not show any significant change in TN , critical field
of a metamagnetic transition, and saturated moment observed
at 140 kOe. Samples showing visible degradation also show
a complete resistive superconducting transition with Tc and
Hc2 similar to what was observed in CeNi1−xBi2 [21]. Energy
dispersive x-ray spectroscopy (EDS) analysis indicated that
CeAuBi2 single crystals are stoichiometric; however, wave-
length dispersive x-ray spectroscopy (WDS) showed that the
crystals were slightly Au deficient. From the EDS, the ratios
of Ce:Au:Bi were 1:1.04:2.19 with an error bar of 2 standard
deviation of 0.21 for Au and 0.40 for Bi. The larger ratio of Bi
is most likely the result of the excess Bi on the surface of the
crystals. The WDS ratios were Ce:Au:Bi = 1:0.82:1.99 with
error bars of 0.09 and 0.28 for Au and Bi, respectively. We
will refer to our samples in this paper as CeAuBi2 bearing in
mind that they are 18% Au deficient. All measurements were
made, unless otherwise specified, on the samples from the
same batch. Attempts to synthesize single crystals of LaAuBi2

were not successful.
The Bruker D8 Advance powder diffractometer (Cu radia-

tion) and the Rigaku MiniFlex diffractometer (Cu radiation)
were used to collect x-ray diffraction patterns. The single
crystals were ground in the glovebox (nitrogen atmosphere)
and placed either in the airtight sample holder (Bruker D8)
or covered with a Kapton tape (Rigaku MiniFlex) to avoid
powder oxidation.

For the neutron diffraction experiment, six batches of
single crystals were grown together with the same ratio of
elements (except that chunks of Au (99.999% purity) were
used instead of Au powder) and temperature profile. A crystal
from each batch was measured using the Quantum Design
VSM option with H‖c. TN for these samples was estimated
to be 12.86 ± 0.05 K and is lower than the TN of the sam-
ples used for other measurements. For the neutron diffraction
experiment, we assumed that the slight variation of the lattice
parameters and Au concentration should not affect the origin
or type of magnetic ordering. The single crystals were ground
and sealed in a 50-mm vanadium container with a diameter
of 6.0 mm inside a dry He-filled glovebox. A closed-cycle

He refrigerator was used for temperature control. Data were
collected at 20 K (above the AFM ordering) and at 4, 6,
8, 10, 12, and 13 K (in the AFM state). Neutron powder
diffraction data were collected using the BT-1 32 detector neu-
tron powder diffractometer at the NCNR, NBSR. A Cu(311)
monochromator with λ = 1.5403(2) Å was used. Data were
collected in the range of 3–155 ◦ 2-θ with a step size of 0.05◦.
The instrument is described in the NCNR WWW site [22].
Rietveld refinement of structural and magnetic phases was
performed using GSAS [23] and version 2K of the program
SARAh-representational analysis [24].

Quantum Design Physical Property Measurement System
PPMS DynaCoolT M was used to perform temperature- and
field-dependent resistivity, magnetization, and specific heat
measurements. Resistivity measurements were made in a
standard four-probe geometry, ac technique ( f = 16 Hz, I =
1mA). Electrical contact to the samples was made with silver
wires attached to the samples using silver paste that was
allowed to cure at room temperature. The contact resistance at
room temperature was less than 1 �. The current was flowing
along the naturally formed edge of the plates, current along a
(100) direction of the ab-pane. The distance between the mid-
point of the two voltage contacts and the cross-section area
of the samples were used to calculate the resistivity of the
samples. The magnetization was measured using the Vibrat-
ing Sample Magnetometer Option (VSM). The samples were
mounted with the help of GE varnish. The contribution of GE
varnish to the M(T )/H and M(H ) data was assumed to be
negligible.

Temperature- and field-dependent resistivity and specific
heat measurements were extended to ∼50 mk and up to 150
kOe in a dilution refrigerator. Field-dependent resistivity mea-
surements of up to 315 kOe were performed at the National
High Magnetic Field Laboratory in Tallahassee.

For the theoretical model, following Ref. [11], we consid-
ered the Hamiltonian on a magnetic unit cell that contains
16 Ce atoms arranged in two bilayers. Each bilayer can be
understood as a buckled square lattice with nearest neighbor
and next-nearest-neighbor interactions J and J⊥, respectively.
The bilayers are coupled to each other via J ′. To find the low-
temperature magnetic state for a given set of parameters (J , J ′,
J⊥, �, and h), we numerically minimized the total energy of
the magnetic unit cell with rewpect to the classical spin vari-
ables Si. The minimization started from completely random
Si and employed the NEWUOA software for unconstrained
optimization [25]. As optimization sometimes gets stuck in
metastable states, we repeated the optimization a large number
of times for each parameter set (typically 100 to 300) and
identified the lowest energy among the resulting states.

To study the effects of quenched disorder, we generated a
large number (104 to 105) of independent samples, i.e., real-
izations of the magnetic unit cell with different realizations
of the random interactions. We then applied the optimiza-
tion procedure described above to each of the samples and
averaged the resulting magnetization values. Note that this
is an approximate description of the macroscopic disordered
system, as it effectively implies that the same random unit cell
is repeated in all directions. To improve this approximation
one could consider larger magnetic unit cells, at the expense of
a much larger numerical effort. We anticipate that this would
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FIG. 1. Powder x-ray diffraction patterns of ground CeAuBi2

single crystals. Broad peaks around 2� = 20° are caused by Kapton
tape and acrylic glass (airtight container). (Inset) x-ray diffraction
pattern of the single crystal of CeAuBi2. The few low-intensity peaks
marked with dots can be associated with Bi flux.

lead to minor quantitative changes of the results, but not to
qualitative ones.

III. RESULTS

A. X-ray diffraction

CeAuBi2 crystallizes in the HfCuSi2 type structure (space
group P4/nmm) [15]. X-ray diffraction patterns collected on
the ground single crystals of CeAuBi2 are shown in Fig. 1.
Both the airtight sample holder and Kapton tape contribute
to the broad amorphous peak at ∼2� = 20° and a larger
than usual background to the diffraction patterns. We also
collected the x-ray pattern on a single crystal of CeAuBi2, see
the inset of a Fig. 1. Since the c axis is perpendicular to the
naturally formed plates, only reflections that belong to (00l)
appear in the x-ray pattern. The lattice parameters obtained
form the LeBail fit are: a = 4.63 ± 0.01 Å and c = 9.89 ±
0.02 Å (D8, polycrystals), a = 4.64 ± 0.01 Å and c = 9.89 ±
0.02 Å (MiniFlex, polycrystals), and c = 9.89±0.02 Å
(Rigaku, single crystal). The c lattice parameter is slightly
smaller than that in the recently published work [15,16].

B. Neutron diffraction

The neutron diffraction patterns at 20 and 4 K corre-
sponding to T > TN and T < TN , respectively, are shown in
Fig. 2(a). The difference between these two patterns, shown
in blue, indicates the magnetic contribution from the mag-
netic order at 4 K. At 20 K, all peaks can be indexed to
CeAuBi2 with ∼3 wt% of the secondary phase of Bi. The Au
conteny was refined to be 0.88±0.01. The lattice parameters
obtained from the Rietveld refinement are a = 4.6147 Å and
c = 9.876 Å. This information was used to fit the nuclear
contribution to the 4 K neutron data. Magnetic refinement
at 4 K was performed based on the P1 space group with the
propagation vector k = (0 0 1

2 ), Fig. 2(c). The crystal structure

of CeAuBi2 before the phase transition is described in the
space group P4/nmm:2 (#129:2). This space group involves
one centering operation and 16 symmetry operations. Of these
symmetry operations, 16 leave the propagation k invariant or
transform it into an equivalent vector, and form the little group
Gk. The magnetic representation of a crystallographic site can
then be decomposed in terms of the irreducible representa-
tions (IRs) of Gk,

�Mag =
∑

ν

nν�
μ
ν , (1)

where nν is the number of times that the IR �ν of order
μ appears in the magnetic representation �Mag for the
chosen crystallographic site. The decomposition of the
magnetic representation for the Ce site (0.25, 0.25, 0.26327)
is �Mag = 0�1

1 + 1�1
2 + 1�1

3 + 0�1
4 + 0�1

5 + 0�1
6 + 0�1

7 +
0�1

8 + 1�2
9 + 1�2

10 = 1�1
2 + 1�1

3 + 1�2
9 + 1�2

10. The decom-
position of the magnetic representation �Mag in terms of the
nonzero IRs of Gk for Ce crystallographic site, and their
associated basis vectors ψn are given in Table I. �9 and
�10 IRs represent the magnetic moment in the ab plane,
which, as will be shown below, contradicts the magnetization
measurements, where the c axis is the easy axis. Therefore,
the refinement of the magnetic structure was not done based
on those IRs. The basis vector for �2 representation that gives
(++) moments orientation along the c axis does not have a
valid Shubnikov point group. This leaves �3 representation
that has the magnetic moment along the c axis with (++– –)
moment orientations and this IR was used for the magnetic
structure refinement. The schematic chemical and magnetic
unit cells are shown in Fig. 2(c). The magnetic unit cell is
equal to the chemical unit cell doubled along the c axis. The
magnetic moment direction within the magnetic unit cell is
shown with the red arrows. The magnetic structure is the same
as that reported for CeCuBi2 [13] and CeAuBi2 [17]. The
refined magnetic moment was found to be μ = 1.92±0.03 μB

and is consistent with the saturated moment at 4 K observed
in M(H) data shown below. We did not observe any change in
the magnetic structure in the AFM state. The refined magnetic
moment as a function of temperature is shown in Fig. 2(d).

C. Basic physical properties

The temperature-dependent magnetic susceptibility data
measured at 1 kOe for H‖a, H‖c, and the polycrystalline aver-
age taken as χave = (2χa + χc)/3 is shown in Fig. 3(a). There
is a strong anisotropy in the temperature-dependent magnetic
susceptibility, χc > χa for T < 200 K. An arrow marks the
Néel temperature TN = 13.2 ± 0.1 K, taken as a peak in χave.
The ratio of χc/χa ∼ 16 at TN . The Curie-Weiss fit of the
polycrystalline average of susceptibility in the range 100 K <

T < 305 K resulted in μeff = 2.52μB, which is in agreement
with cerium in a trivalent state and �p = –13.6 K. However, if
the modified Curie-Weiss fit is used [includes χ (0)] then these
values are strongly modified, indicating mutual dependence of
the three fitting parameters. It should be noted that �p changes
drastically if the lower limit of the temperature fitting range is
changed. χ data for H‖a show a broad hump at ∼70 K pos-
sibly associated with the CEF effects. The tetragonal crystal
field that acts on the Ce3+ ion lifts the sixfold degeneracy of
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FIG. 2. (a) Powder neutron diffraction patterns of ground CeAuBi2 single crystals at 20 and 4 K. The pattern in blue shows the difference
between the two patterns, i.e., the magnetic contribution. (b) Powder neutron diffraction pattern at 4 K with Rietveld fit (black curve) and
the difference between them (blue curve). (c) Schematic representation of the magnetic structure (solid lines) of CeAuBi2. The magnetic unit
cell is twice the crystallographic unit cell (represented by a dashed line) along the c direction. (d) Magnetic moment refined from the neutron
diffraction data as a function of temperature.

TABLE I. Basis vectors (BV) for the space group P 4/nmm:2
with k = (0, 0, 0.5). The decomposition of the magnetic repre-
sentation for the Ce site (0.25, 0.25, 0.26327) is �Mag = 1�1

2 +
1�1

3 + 1�2
9 + 1�2

10. The atoms of the nonprimitive basis are defined
according to 1: (0.25, 0.25, 0.26327), 2: (0.75, 0.75, 0.73673).

BV components

IR BV Atom m‖a m‖b m‖c im‖a im‖b im‖c

�2 ψ1 1 0 0 8 0 0 0
2 0 0 8 0 0 0

�3 ψ2 1 0 0 8 0 0 0
2 0 0 –8 0 0 0

�9 ψ3 1 4 0 0 0 0 0
2 –4 0 0 0 0 0

ψ4 1 0 –4 0 0 0 0
2 0 4 0 0 0 0

�10 ψ5 1 4 0 0 0 0 0
2 4 0 0 0 0 0

ψ6 1 0 –4 0 0 0 0
2 0 –4 0 0 0 0

the J = 5/2 ground-state multiplet resulting in three Kramer’s
doublets. The excited crystalline electric field (CEF) levels
(�1 and �2) were estimated using a mean-field theory model
to lie at around 189 and 283 K, respectively [16] and well
above the magnetic ordering temperature.

Field-dependent magnetization data M(H ) for H‖a and
H‖c at 1.8 K are shown in Fig. 3(b). M versus H for H‖c
shows a first-order hysteretic metamagnetic spin-flop transi-
tion with a saturated moment of 2.00 μB, which is almost
equal to that of the Ce3+ free ion moment of 2.14μB. M(H )
for H‖a does not show any features up to 140 kOe and is far
from reaching the saturated moment of Ce3+ indicating that
the a axis is a hard axis.

Figure 3(c) shows the zero-field temperature-dependent re-
sistivity ρ(T ) data of CeAuBi2. As the temperature decreases,
the ρ(T ) plot shows a broad shoulder, associated with the
thermal depopulation of excited CEF levels, followed by a
sharp change in slope and a kink corresponding to the AFM
transition at 13.2 ± 0.2 K.

Heat capacity data Cp(T ), Fig. 3(d), show a clear second-
order AFM transition at 13.2 ± 0.2 K (an equal entropy
construction criterion) and a nuclear Schottky anomaly below
1.3 K. The inset of Fig. 3(d) shows Cp(T )/T versus T 2. The
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FIG. 3. (a) Temperature-dependent susceptibility of CeAuBi2 single crystal for H‖a, H‖c and the polycrystalline average χave = (2χa +
χc)/3. The arrow denotes the AFM transition. (b) Field-dependent magnetization of CeAuBi2 single crystal at 1.8 K for H‖a and H‖c.
(c) Temperature-dependent resistivity of CeAuBi2 single crystal. (d) Temperature-dependent specific heat of CeAuBi2. The inset shows Cp/T
vs T 2 data.

linear fit of Cp(T )/T versus T 2 above 14 K results in γ of 572
mJ/mol K2, which signifies a strongly correlated system with
enhanced electron mass owing to strong electron correlations
and a Debye temperature of ∼185 K.

D. Measurements with H‖c

Figure 4 shows the temperature-dependent M/H for H‖c
measured at constant applied magnetic fields. The kink associ-
ated with TN is suppressed to low temperature with increasing
H . Starting from H = 72.5 kOe, the peak broadens and ad-
ditional features appear below TN upon cooling. This feature
may be associated with the spin-flop transition. The inset of
Fig. 4 shows the derivative of the M/H data presented in
the main panel of Fig. 4. At H = 1kOe, the TN transition
manifests itself as a sharp increase in (dM/H)/dT followed
by a broad hump when the temperature decreases. Starting
from 76 kOe, only a broad maximum that denotes a position
of a spin-flop transition is seen. This maximum disappears
between 78 and 80 kOe.

Field-dependent magnetization M(H ) at constant temper-
atures is shown in Figs. 5(a) and 5(b). The data is split into
two panels for better data visualization. The M(H ) data were
collected on the magnetic field sweep up and down for all
temperatures below T = 11 K. A small hysteresis is more

apparent at T = 1.8 K [better seen in Fig. 3(b)] and becomes
less distinguishable as the temperature increases. In Figs. 5(c)
and 5(d), we plotted the derivative of the M(H ) data presented
in Figs. 5(a) and 5(b), respectively. dM/dH vs H data show
two broad shoulders and a sharp peak between 60–80 kOe at
1.8 K. The hysteresis, apparent in the magnetic field sweep
direction, is shown in the inset of Fig. 5(c). The data at 3 K,
show only one broad and one sharp peak in the range 70–80
kOe. Starting from T = 4 K, there is only one peak with a
small hysteresis at the peak. This peak decreases in amplitude
and broadens as the temperature increases, disappearing for
T = 13 K, the same temperature as TN .

The evolution of the Cp(T )/T data at constant magnetic
fields is shown in Fig. 6. TN is gradually suppressed with the
magnetic field. At H = 65kOe, the shape of Cp(T )/T at TN

starts to change and evolves into a broad maximum for H =
75 kOe. This broad maximum is no longer observable at H =
77.5kOe. In addition to TN , starting from H = 60 kOe a broad
low-temperature maximum is seen, as the magnetic field is
increased, the maximum moves first to lower temperatures,
grows in amplitude, reaches highest value at 72.5 kOe, then
decreases in amplitude, broadens, and moves to higher tem-
peratures. This behavior of the maximum in the heat capacity,
especially for magnetic fields larger than H = 77.5kOe, is
very similar to the evolution of Zeeman splitting of the CEF
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FIG. 4. Temperature-dependent susceptibility of CeAuBi2 single
crystal for H‖c. (Inset) (dM/H )/dT of CeAuBi2, H‖c.

levels under application of the magnetic field, for example as
in CeZn11 [26]. Unfortunately, the position of this maximum
is hard to determine precisely beyond H = 85 kOe since we
do not have LaAuBi2 to account for the contribution of the
phonons.

Field-dependent data Cp(H )/T , presented in Fig. 7, show
a very large and broad peak centered at ∼72.5 kOe. As the
temperature is lowered, the area of the peak becomes smaller
and the peak flattens out. Additional features appear at the
peak that evolve into a clear double-peak structure at the
lowest temperatures measured. Although the data density is
not enough to state with certainty that there are three peaks
at ∼0.5 K in Cp(H )/T , the ρ(H ) data, shown in the inset
of Fig. 9(a) below, clearly indicate three peaks at similar
magnetic fields. This probably indicates that instead of the
single spin-flop transition three metamagnetic transitions are
observed at 0.5 K. Despite the clear double transition at
∼0.27 K, measurements of M(H ) are required to see how
many metamagnetic transitions are observed as the temper-
ature is lowered below 1.8 K. It should be noted that below
∼0.5 K the nuclear contribution to the Cp(H )/T data becomes
significant. It is most apparent as an increase with magnetic
field background for the T = 0.26 and 0.27 K data.

Figure 8 shows the field-dependent resistivity ρ(H ) data
collected from 30 K to 0.05 K. At 30 K, the magnetoresistance
is positive. As the temperature is lowered, the magnetoresis-
tance develops a broad maximum. For 12 K � T � 7 K, the
AFM ordering temperature manifests itself as a kink on a
broad maximum. Starting from 6 K and down to the lowest

temperature measured, the kink corresponding to AFM order-
ing is not resolved; instead, a broad maximum centered at ∼75
kOe is observed in the field-dependent resistivity.

The ρ(H ) data for T � 1.8 K show hysteresis associated
with the first-order transition on the low field side of the maxi-
mum, with the resistivity on the field-sweep down being larger
than on the field-sweep up. Hysteresis increases in magnitude
as the temperature is lowered further to T = 0.05 K. The
difference in resistivity between the magnetic field down and
up sweeps is shown in Fig. 8(c). For the lowest temperature
measured, no hysteresis in the resistivity is observed above 80
kOe. This field decreases as the temperature increases. The
ρ(H ) data at 2.5 K (not shown here) did not show measurable
hysteresis. Because of the presence of Bi, which manifests
itself as a superconducting transition below ∼20 kOe, no
hysteresis in resistivity is observed below this field. The inset
of Fig. 8(c) shows that the area of hysteresis in the resistivity
as a function of temperature decreases as the temperature in-
creases to 2 K. The hysteresis in the magnetic field-dependent
resistivity above 2 K cannot be resolved within the instrument
limitation.

Figure 9(a) shows field-dependent resistivity at T∼ 0.5 K
for 0circ � θ � 110circ, where θ is the angle between the c
axis and the applied magnetic field H. When θ = 0◦, the mag-
netic field is applied along the easy c axis and when θ = 90◦,
the field is in the ab plane. For θ = 0◦, three peaks/transitions
are observed between 65 and 77.5 kOe, inset to Fig. 9(a). They
are still observable for θ = 10◦. As the angle θ increases,
the transitions move to higher magnetic fields and are even-
tually not observable in the measured magnetic field range for
θ �= 80◦. Since the system is Ising-like with the moments
aligned along the c axis and thus highly anisotropic, when
the sample is rotated with respect to the magnetic field, the
perpendicular component of the magnetization along the c
axis contributes mainly to the ρ(H ) data. To test this as-
sumption, we plotted the ρ(H ) as a function of H× cos(θ ) in
Figs. 9(b) and 9(c) for the magnetic field sweep up and down,
respectively, because of hysteresis. Indeed, the peak position
is unchanged with respect to θ , which confirms our assump-
tion and further supports the Ising-like moment orientation for
CeAuBi2.

To see the functional evolution of the temperature-
dependent resistivity below 1.8 K, we extended the ρ(T ) data
to 0.1 K. Data for two samples are shown in Figs. 10(a) and
10(c). As the temperature decreases, the sublinear resistivity
for H ∼ 70 kOe becomes temperature independent. In fact,
the resistivity for all fields measured saturates at the lowest
temperatures. The data for 0 kOe � H � 20 kOe show a
superconducting transition because of the amorphous Bi. To
see the region of Fermi behavior, we plotted ρ(T ) data as a
function of T 2 in Figs. 10(b) and 10(d). Here, the region of
temperatures where the T 2 law holds is marked with black
lines that follow the fitting lines.

IV. DISCUSSION

The evolution of the AFM transition as a function of the
magnetic field, H‖c superimposed on the contour plot of
ρ(H ), is shown in the T − H phase diagram in Fig. 11. The
slight shift in red color in the contour plot is because of
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FIG. 5. (a), (b) Field-dependent magnetization of CeAuBi2 single crystal for H‖c. The curve for T = 6.6 K is shown on both panels for
continuity. (c), (d) Derivative dM/dH of the data presented in (a) and (b), respectively. Inset in (c) shows zoomed in hysteresis region for 1.8 K.

resistivity measurements being taken in two different
cryostats. The AFM transition is suppressed by the magnetic
field and, below ∼6.5 K at 75 kOe, evolves into the first-
order spin-flop transition. This is highlighted by the tip of
the v-shaped light blue region in the contour plot of ρ(H ).
Upon lowering the temperature below 2 K and increasing the
magnetic field, the spin-flop first-order transition line splits
into three curves, creating two low-temperature domes. Based
on the hysteresis observed in the ρ(H ) data shown in Fig. 8(c),
all three field lines are of the first order.

The broad peak below the AFM order in the (dM/H)/dT
on the low-field side of the spin-flop transition and the features
in C(T )/T together with dρ/dT data on the high-field side of

the spin-flop transition delineate two other lines in the phase
diagram. The features in the data that result in these two lines
look very similar to those caused by the Zeeman splitting
of the low-lying CEF levels and would position the lowest
excited state at ∼15 K and the second excited level is at ∼150–
200 K (based on both temperature-dependent magnetization
and resistivity measurements). However, the two excited CEF
levels obtained based on the fit to the CEF mean field model
were estimated to be 189 and 283 K [16] or slightly higher
values for the stoichiometric CeAuBi2 [17]. As was pointed
out in Ref. [16], the fit to the CEF mean field model may not
be as precise and unique. Nevertheless, inelastic neutron scat-
tering measurements are required to support this statement.
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FIG. 6. (a), (b) Temperature-dependent heat capacity of
CeAuBi2 single crystal 1 for H‖c. The data curve for H = 80 kOe
is shown on both panels for clarity.

The lower values of the CEF levels are also more in line with
those estimated for CeCuBi2 and CeAgBi2. It should be noted
that we did not observe any change in the magnetic structure
between 4 and 12 K at H = 0 in the neutron diffraction
measurements.

To check for signs of critical behavior, we fitted the
temperature-dependent resistivity data to the ρ(T ) = ρ(0) +
An × T n fit, where the exponent n is 2 (Fig. 10) or a fitting
parameter, and the results are presented in Fig. 12. For the
curves that show the Bi superconducting transition, the fit was
done above the superconducting transition. The coefficients
A2 and An shown in Figs. 12(a) and 12(d) are quite consistent
between the two samples. They peak at H ∼ 85 kOe. How-
ever, they are rather small compared to what is expected for
the heavy-fermion systems. ρ(0) shown in Figs. 12(b) and
12(e) peaks at H ∼ 75 kOe, and T ∗, the upper temperature
limit of the fit has a small feature at about the same magnetic
field. The upper limit T ∗ of the temperature region where the
fit was performed is shown in Figs. 12(c) and 12(f). The T ∗

FIG. 7. Field-dependent Cp/T of CeAuBi2 single crystals
(a) samples 1 and 2, the data for T = 2.5 and 1.8 K are assembled
from Fig. 6; and (b) sample 3. The arrows denote the sweep direction
of the magnetic field for the two lowest temperature data sets. All
three samples (single crystals) are from the same batch.

stays nearly the same for the quadratic fit. For the fit of the
power function, T ∗ decreases to its smallest value of ∼2.8 K
at 75 kOe, after which it increases again. The exponent n, in
Fig. 12(g) shows similar behavior to T ∗, Fig. 12(g), it dips to
1.6 at 75 kOe. ρ0 also shows enhancement at the critical region
and so does an electronic coefficient Cp/T vs H presented
in Fig. 7(b). Although field-induced QCP is avoided, at the
lowest temperature Cp/T vs H is largely enhanced across the
region of the two domes and attains almost 300 mJ/molK2

at its highest value compared to less than 50 mJ/molK2 at
40 and 100 kOe. It should be noted that the T − H phase
diagram that we present in this work is ′′much simpler” than
that assembled for the stoichiometric CeAuBi2 [17] because
of the absence of many metamagnetic transitions observable
in the nearly stoichiometric CeAuBi2.

Naturally questions arise as to why the T − H phase di-
agram for a Au deficient CeAuBi2 is simpler than that of the
stoichiometric compound and what role do Au vacancies play.
Do they affect magnetic anisotropy and exchange interaction?
When we compare TN = 13.2 K for our work with that of
nearly stoichiometric CeAuBi2, we can see that it is lower.
However, the magnetic anisotropy at TN and the saturated mo-
ment are not affected. In Ref. [11], spin model for the Ce local
moments built on a magnetic structure of CeCuBi2 (which is
the same as that for CeAuBi2) at zero field was introduced
to explain the many metamagnetic transitions observed for
CeAgBi2. In this model, three competing spin exchanges were
assigned between neighboring sites: FM and AFM (or AFM
and FM) spin exchanges for two symmetry-distinct neighbors
along the c axis, J and J ′, respectively, and a FM spin interac-
tion in the ab plane J⊥. When all these three parameters and
an easy-axis single-ion anisotropy along the c axis were equal,
at least six magnetic phases were realized in CeAgBi2. The
differences in the T − H phase diagrams among CeCuBi2,
CeAgBi2, and CeAuBi2 are expected because of different
orbitals (3d or 4s for Cu, 4d or 5s for Ag, and 5d or 6s for Au)
participating in a spin superexchange between Ce moments
and thus changing the effective superexchange couplings [11].
This explains the similarities and slight differences between
the T − H phase diagrams of CeAgBi2 and stoichiometric
CeAuBi2. However, this model did not take into account non-
stoichiometry of the Ag and it’s affect on the complexity of
the different magnetic phases observed in the T − H phase
diagram.

Let us see what role Au vacancies play. To understand the
interplay among exchange interactions, single-ion anisotropy,
and quenched disorder in CeAuBi2, we adapt the classical
spin model put forward by Ref. [11] for CeAgBi2. The model
Hamiltonian reads

H =
∑

i j

Ji jSi · S j −
∑

i

�
(
Sz

i

)2 −
∑

i

h · Si. (2)

Here, the Si are classical Heisenberg spins that represent the
Ce moments,h denotes the external magnetic field, and � is
the single-ion anisotropy energy. For � > 0, it is of easy-axis
type. The Ji j represent the exchange interactions between
the Ce moments. A minimal model of physics in CeAuBi2

includes interactions J and J ′ between the two symmetry-
distinct pairs of neighbors in the c direction as well as an
interaction J⊥ in the ab plane [11].
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FIG. 8. Field-dependent resistivity of CeAuBi2 single crystal 1 at constant temperatures (a) measured in the PPMS DynaCool and
(b) dilution refrigerator (the contacts on the sample were replaced). (c) Difference in ρ(H ) data on the field sweep down and up, showing
hysteresis. (Inset) Area of the hysteresis as a function of temperature, H‖c.

FIG. 9. (a) ρ(H ) of CeAuBi2 for 0circ � θ � 110circ, where θ is the angle between the c axis and the applied magnetic field H. (Inset)
ρ(H ) for θ = 0◦. ρ(H ) as a function of H × cos(θ ) for (a) magnetic field sweep up and (b) magnetic field sweep down.
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FIG. 10. Temperature-dependent resistivity of CeAuBi2 two sin-
gle crystals at constant magnetic field. ρ as a function of (a) T and
(b) T 2 for sample 1 and (c) T and (d) T 2 for sample 2, H‖c. Solid
lines represent fitting to ρ = ρ0 + A × T 2.

The zero-field low-temperature magnetic state of CeAuBi2

(as well as CeAgBi2) consists of ferromagnetic layers ar-
ranged in a (+ + −−) pattern in the c direction. This can
be modeled by choosing J to be ferromagnetic, while J ′ and
J⊥ are antiferromagnetic. Quenched disorder is introduced by
adding independent random contributions to the interactions
J , J ′, and J⊥. They are drawn from Gaussian distributions

FIG. 11. T − H phase diagram of CeAuBi2.

of zero mean and standard deviations δJ , δJ ′, and δJ⊥,
respectively.

To find the (low temperature) magnetic state for a given set
of parameters Ji j , �, and h, we minimize the Hamiltonian (2)
in a magnetic unit cell containing 16 Ce sites (two bilayers).
Further details are given in Sec. II.

We start by considering the influence of the single-
ion anisotropy in the absence of disorder, δJ = δJ ′ =
δJ⊥ = 0. CeAuBi2 has a much stronger single-ion anisotropy
than CeAgBi2, as signified by the much larger χc/χa ratio. In
Fig. 13, we therefore study the evolution of the magnetization
field curve with increasing �.The values of the interaction
energies, J = −1, J ′ = 2, and J⊥ = 1.2, are similar to the
ones used for CeAgBi2 in Ref. [11], where they were shown
to produce a rich behavior with six different phases. For the
weakest single-ion anisotropy, � = 0.5, we observe a single
spin-flop transition at h ≈ 4, followed by a continuous rota-
tion of the spins until the fully polarized state is reached at
h ≈ 15. For � = 1 (the value used in Ref. [11]), we recover
the rich behavior observed for CeAgBi2, including two par-
tial spin-flop transitions and a half-magnetization plateau in
which one of the two bilayers is stripe ordered. For larger �,
the spin rotations are suppressed, giving way to Ising-like be-
havior at � = 4, with a spin-flip transition of the −− layers to
a stripe state at h ≈ 5.5 and another partial spin-flip transition
from the stripe state to the fully polarized state at h ≈ 11.

The single-ion anisotropy energy � for CeAuBi2 can be
estimated from a fit of the high-temperature (100 K to 250 K)
behavior of χc/χa with the results of the single-spin Hamil-
tonian Hs = −∑

i �(Sz
i )2 − ∑

i h · Si. This fit gives � ≈
300 K, more than an order of magnitude larger than the Néel
temperature of CeAuBi2, which sets the scale for the interac-
tion energies. Together with the results of Fig. 13, this implies
that the low-temperature magnetic behavior of CeAuBi2 can
be described by an Ising model.

We now turn to the effects of quenched disorder. Figure 14
shows the evolution of the magnetization field curves (in the
Ising limit � = ∞) with increasing disorder strength δJ =
δJ ′ = δJ⊥.

The figure shows that the half-magnetization plateau be-
comes a shoulder-like feature already at δJ = 0.05. For
δJ = 0.2 (still much smaller than the average interactions),
this feature is completely suppressed, and dm/dh shows a
single broad peak instead of two sharp peaks corresponding
to the spin-flip transitions observed in the clean case. We thus
conclude that weak quenched disorder is sufficient to smear
the complex structure of the m − h curves realized in clean
samples. With respect to stabilization of the many metam-
agnetic transitions and complexity of the in-field magnetic
structures of the CeAuBi2 compound, the Au deficiency can
be used as a tuning parameter, in addition to pressure and
chemical substitution, to tune the system to the QCP.

V. CONCLUSIONS

We presented detailed thermodynamic and transport mea-
surements in the magnetic field applied along the easy
tetragonal c axis collected on single crystals of nonstoi-
chiometric CeAu1−xBi2, x= 0.18. The compound studied
orders antiferromagnetically below ∼13 K with magnetic
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FIG. 12. Results of the ρ(T ) data fits (a)–(c) ρ = ρ0 + A2 × T 2 and (d)–(g) ρ = ρ0 + An × T n. T ∗ is the upper limit of the temperature
range where the fitting was performed.

moments aligned along the easy tetragonal c axis, Ising sys-
tem. CeAuBi2 has the highest χc/χa ratio in the CeT X2

(where T = Cu, Ag, and Au, and X = Sb and Bi) family.
The assembled T − H phase diagram shows fewer stabilized
magnetic structures compared to those of other members in
the CeT X2 family, particularly stoichiometric CeAuBi2. Our
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FIG. 13. Low-temperature magnetization m vs applied field h in
the c direction for several values of the single-ion anisotropy energy
�. The interaction parameters are J = −1, J ′ = 2, and J⊥ = 1.2.
There is no quenched disorder, δJ = δJ ′ = δJ⊥ = 0.

proposed theoretical model shows that weak quenched dis-
order (Au deficiencies in this case) is sufficient to smear
the complex structure of the M(H) curves, implying that Au
deficiencies can be used as a tuning parameter.
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FIG. 14. (Left) Low-temperature magnetization m vs applied
field h in the c direction for several values of the disorder strength.
The interaction energies are drawn from Gaussian distributions with
averages J = −2, J ′ = 2, and J⊥ = 1.2 and standard deviation δJ =
δJ ′ = δJ⊥. The results are for the Ising limit, � = ∞. They represent
averages over 104 to 105 independent realizations of the 16-spin
magnetic unit cell. (Right) dm/dh vs h for the same data sets.
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