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Magnetic properties of the layered heavy-fermion antiferromagnet CePdGag
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We report the magnetic properties of the layered heavy-fermion antiferromagnet CePdGag and their evolution
upon tuning with the application of magnetic field and pressure. CePdGag orders antiferromagnetically below
Ty = 5.2 K, where there is evidence for heavy-fermion behavior from an enhanced Sommerfeld coefficient. Our
results are best explained by a magnetic ground state of ferromagnetically coupled layers of Ce 4f moments
orientated along the ¢ axis, with antiferromagnetic coupling between layers. At low temperatures, we observe
two metamagnetic transitions for fields applied along the ¢ axis corresponding to spin-flip transitions, where the
lower transition is to a different magnetic phase with a magnetization one-third of the saturated value. From
our analysis of the magnetic susceptibility, we propose a crystalline electric field level scheme which accounts
for the Ising anisotropy at low temperatures, and we find that the evolution of the magnetic ground state can
be explained considering both antiferromagnetic exchange between nearest neighbor and next-nearest neighbor
layers, indicating the influence of long-range interactions. Meanwhile, we find little change of 7y upon applying
hydrostatic pressures up to 2.2 GPa, suggesting that significantly higher pressures are required to examine for

possible quantum critical behaviors.

DOLI: 10.1103/PhysRevB.105.014405

I. INTRODUCTION

Heavy-fermion compounds are prototypical examples of
strongly correlated electron systems and have been found to
host a range of emergent phenomena including unconven-
tional superconductivity, complex magnetic order, and strange
metal behavior [1-3]. Ce-based heavy fermions contain a
Kondo lattice of Ce ions with an unpaired 4 f electron, which
can both couple to other 4f moments via the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction and undergo the
Kondo interaction due to hybridization with the conduction
electrons. Here, the RKKY interaction gives rise to long-
range magnetic order, while the Kondo interaction favors a
nonmagnetic Fermi-liquid ground state with greatly enhanced
quasiparticle masses. Due to the small energy scales, the
relative strengths of these competing interactions can often
be tuned by nonthermal parameters such as pressure, mag-
netic fields, and chemical doping [4], and in many cases, the
magnetic ordering can be continuously suppressed to zero
temperature at a quantum critical point (QCP).

A major question for heavy-fermion systems is the re-
lationship between quantum criticality and the dome of
unconventional superconductivity sometimes found to en-
compass the QCP. Celns is a canonical example of this
phenomenon, which at ambient pressure orders antiferromag-
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netically below Ty = 10.1 K but exhibits a pressure-induced
QCP at 2.6 GPa, which is surrounded by a superconducting
dome with a maximum T7; of 0.2 K [5]. The layered CeMIns
(M = transition metal) compounds consist of alternating lay-
ers of MIn, and Celn; along the ¢ axis [6], and among the
remarkable properties is a significantly enhanced supercon-
ducting T; for the M = Rh and Co systems, reaching >2 K
[7,8], giving a strong indication that quasi-two dimensionality
is important for promoting heavy-fermion superconductivity.
Meanwhile, the Ce,MIng compounds correspond to a stacked
arrangement of two units of Celn; and one of M1In, [9] and are
expected to have an intermediate degree of two dimensional-
ity relative to CeM1Ins. Correspondingly, the superconducting
phases have lower T; values of 0.4 and 0.68 K for Ce,Colng
[10] and Ce,PdIng [11] at ambient pressure and a maximum
of . = 2 K at 2.3 GPa for Ce,;RhIng [12]. On the other
hand, these different series of related Ce-based heavy-fermion
systems also exhibit different magnetic ground states and
crystalline electric field (CEF) level schemes [13-17], and
therefore, it is challenging to disentangle the role of these fac-
tors from that of the reduced dimensionality. The elucidation
of the interplay between these different aspects requires exam-
ining additional families of layered Ce-based heavy-fermion
systems for quantum critical behaviors as well as detailed
characterizations of the magnetic ground states and exchange
interactions.

The properties of layered Ce-based heavy-fermion gallides
have been less studied than the indium-based systems. CeGag
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FIG. 1. (a) Crystal structure of CePdGas where the red, blue,
and green atoms correspond to Ce, Pd, and Ga, respectively. Jy
represents magnetic exchange interactions between nearest neighbor
Ce atoms within the ab plane, 7, is between nearest neighboring
layers, and 7, is between next-nearest layers. An image of a typical
single crystal of CePdGa, is also displayed, where each square in
the background is 2 x 2 mm. (b) X-ray diffraction pattern measured
on a single crystal of CePdGag. The red dashes correspond to the
positions of the (00/) Bragg peaks, indicating that the [001] direction
is perpendicular to the large face of the platelike samples.

has a layered tetragonal structure (space group P4/nbm),
with four Ga layers between each Ce layer [18]. This com-
pound orders magnetically below Ty = 1.7 K, and there is
evidence for the buildup of magnetic correlations at signif-
icantly higher temperatures [19]. A more layered structure
is realized in the Ce,MGay, (M = Cu, Ni, Rh, Pd, Ir, or
Pt) series, where the Ce layers are alternately separated by
four Ga layers and units of MGag, leading to a larger inter-
layer separation of the Ce atoms [20,21]. Several members
of this series show evidence for both antiferromagnetism and
heavy-fermion behavior [20-25], where pressure can readily
suppress the antiferromagnetic transitions of Ce,NiGa;, and
Ce,PdGaj, [26,27], while evidence for field-induced critical
fluctuations is revealed in Ce,IrGa, [25].

CePdGag has a different layered tetragonal structure (space
group P4/mmm) displayed in Fig. 1(a), consisting of square
layers of Ce atoms, with each Ce contained in a CeGay
prism, separated by PdGa; layers [28]. Correspondingly, there
is a distance between Ce layers of 7.92 A, while the near-
est neighbor in-plane Ce-Ce separation is 4.34 A compared
with respective values of 7.54 and 4.65 A in CeRhlIns [29].

CePdGag orders antiferromagnetically below Ty = 5.2 K,
and heavy-fermion behavior is evidenced by an enhanced
Sommerfeld coefficient [20,28]. As such, CePdGag is a
good candidate to look for behaviors arising in quasi-two-
dimensional heavy-fermion systems, but there is both a lack
of detailed characterizations of the magnetic ground state and
no reports of the evolution under pressure. In addition, most
measurements of CePdGag are reported in Ref. [28], where
the results are affected by the inclusion of an extrinsic antifer-
romagnetic phase Ce,PdGa,, which can be eliminated using
a modified crystal growth procedure [20].

In this paper, we report detailed measurements of the
magnetic properties of single crystals of CePdGag, including
their evolution upon applying magnetic fields and hydrostatic
pressure. We find that CePdGag orders antiferromagnetically
in zero field, where the Ce moments are orientated along the
¢ axis and align ferromagnetically within the ab plane, but
there is antiferromagnetic coupling between layers. At low
temperatures, two metamagnetic transitions are observed for
fields along the ¢ axis, the lower of which corresponds to a
spin-flip transition to a phase with magnetization one-third
of the saturated value. From our analysis of the magnetic
susceptibility, we propose a CEF level scheme which can
explain the low-temperature Ising anisotropy, and we find that,
from considering interactions between the nearest neighbor
and next-nearest neighbor Ce layers, the field evolution of the
magnetic state can be well accounted for.

II. EXPERIMENTAL DETAILS

Single crystals of CePdGag were grown using a Ga self-
flux method with a molar ratio of Ce : Pd : Ga of 1:1.5:15 [20].
Starting materials of Ce ingot (99.9%), Pd powder (99.99%),
and Ga pieces (99.99%) were loaded into an alumina crucible
which was sealed in an evacuated quartz tube. The tube was
heated to 1150 °C and held at this temperature for 2 h before
being rapidly cooled to 500 °C at a rate of 150 K/h and then
cooled more slowly to 400°C at 8 K/h. After being held at
400 °C for 2 wk, the tube was removed from the furnace and
centrifuged to remove excess Ga. The obtained crystals were
platelike with typical dimensions 2 x 1.5 x 0.3 mm?. Note
that, when slower cooling rates of 6 or 4 K/h were used, the
resulting crystals were significantly smaller. Single crystals of
the nonmagnetic analog LaPdGag were also obtained using
a similar procedure. The composition was confirmed using
a cold field emission scanning electron microscope (SEM)
equipped with an energy dispersive x-ray spectrometer. The
phase of the crystals was checked using both a PANalytical
XPert MRD powder diffractometer using Cu-Ka radiation
and a Rigaku-Oxford diffraction Xtalab synergy single-crystal
diffractometer equipped with a HyPix hybrid pixel array de-
tector using Mo-Ko radiation. The obtained lattice parameters
from the single-crystal diffraction data of a = 4.3446(3) A and
¢ = 7.9173(10) A are in excellent agreement with previous
reports [28]. Measurements of a crystal using the powder
diffractometer are displayed in Fig. 1(b), where all the Bragg
peaks are well indexed by the (00/) reflections of CePdGag,
demonstrating that the ¢ axis is perpendicular to the large
face of the crystals. Resistivity and specific heat measure-
ments were performed in applied fields up to 14 T using
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FIG. 2. Temperature dependence of the resistivity p(7') of
CePdGag between 1.8 and 300 K. The inset displays the low-
temperature resistivity, where there is a sharp anomaly at the
antiferromagnetic transition.

a Quantum Design Physical Property Measurement System
(PPMS-14) down to 1.8 K and to 0.3 K using a 3He insert.
Resistivity measurements were performed after spot welding
four Pt wires to the surface, with the excitation current in
the ab plane. Magnetization measurements were performed
in the range 1.8-300 K in applied fields up to 5 T using
a Quantum Design Magnetic Property Measurement System
(MPMS) superconducting quantum interference device mag-
netometer. Heat capacity measurements under pressure were
carried out in a piston cylinder cell, using an ac calorimetric
method.

III. RESULTS

A. Antiferromagnetic transition and CEF
excitations of CePdGag

Figure 2 displays the temperature dependence of the resis-
tivity p(T') of CePdGag between 1.8 and 300 K, which has
a residual resistivity ratio [p(300K)/p(2 K)] = 3.8. A broad
shoulder is observed at ~50 K, which likely arises due to both
the Kondo effect and as a consequence of CEF excitations.
At higher temperatures, quasilinear behavior is observed,
which could be due to electron-phonon coupling. As shown
in the inset, there is an anomaly at around 7y = 5.2 K, below
which p(T') decreases more rapidly with decreasing temper-
ature, which corresponds to the antiferromagnetic transition
reported previously [20], while no signature of the spurious
transition at higher temperatures is detected [28]. The to-
tal specific heat of CePdGag and nonmagnetic isostructural
LaPdGag are shown in the inset of Fig. 3(a). The tempera-
ture dependence of the magnetic contribution to the specific
heat C,, was estimated by subtracting the data of LaPdGag,
which is shown in Fig. 3(a), while the specific heat coeffi-
cient Cy,/T and the magnetic entropy S, of CePdGag are
displayed in Fig. 3(b). A pronounced A-like anomaly is ob-
served at Ty = 5.2 K, as is typical for a second-order magnetic
phase transition. For T > Ty, C, /T increases with decreasing
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FIG. 3. (a) Magnetic contribution to the specific heat C, at low
temperatures, where the red solid line shows the results from fitting
with Eq. (1). The inset shows the total specific heat C of CePdGag
and the nonmagnetic analog LaPdGag. (b) Temperature dependence
of C,,/T and the magnetic entropy S, of CePdGag. The pink dotted
line displays the low temperature contribution to the specific heat
calculated from the crystalline electric field (CEF) scheme deduced
from the analysis of x (7).

temperature and extrapolates to a relatively large zero tem-
perature value of 250 mJ/mol K2. As discussed below, the
analysis of the magnetic susceptibility x(7') suggests the
presence of a low-lying CEF level, which could contribute to
Cn/T in this temperature range. The dotted line in Fig. 3(b)
shows the calculated C,/T for the CEF level scheme de-
scribed below, which has a sizable value in the vicinity of
the transition. Subtracting the contribution from the CEF at
Ty yields an estimate of y ~ 121.4mJ/mol K? associated
with the ground state doublet, and such an enhanced value
could arise both due to heavy-fermion behavior as well as the
presence of short-range magnetic correlations, as inferred in
CeRhlIns[30,31]. The data below Ty were analyzed using [32]

—A
Cn=yT + cAé(f,ﬁexp( TSW)

14 39T +51( T )2 W
X o Tl |:
20Asw 32 \Agw

where the first term corresponds to the electronic contribu-
tion, and the second term arises due to antiferromagnetic
spin-waves. Here, the coefficient c is related to the spin-wave
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FIG. 4. (a) Low-temperature magnetic susceptibility x(7') of
CePdGag, with an applied field of uoH = 0.1 T both parallel to
the ¢ axis and within the ab plane. (b) Temperature dependence of
1/(x-x0) up to 300 K for 0.5 T applied along the two field directions,
where the dashed and solid lines show the results from fitting with the
crystalline electric field (CEF) model described in the text.

stiffness D via ¢ «« D73, while Agw is the spin-wave gap.
The results from fitting the zero-field data are displayed in
the main panel of Fig. 3(a), where y = 121.4 mJ/mol K>
was fixed, yielding Agw = 2.3 K and ¢ = 23 mJ/mol K2. The
moderate value of Agw is smaller than Ty, unlike the layered
heavy-fermion gallides Ce,PdGa;, and Ce,IrGa;,, where
Asw > Ty [24,25], likely reflecting the weaker magnetocrys-
talline anisotropy in CePdGag. The temperature dependence
of the magnetic entropy Sy, of CePdGag is also displayed in
Fig. 3(b), obtained by integrating C,,/T, where Cy,/T was
linearly extrapolated <0.4 K. At Ty, Sy, reaches 0.76R1n 2,
which together with the expected sizable contribution from
the excited CEF level discussed above suggests a reduced en-
tropy corresponding to the ground state doublet due to Kondo
screening.

Figure 4(a) displays the temperature dependence of the
magnetic susceptibility x(7") of CePdGag at low tempera-
tures, with an applied field of uoH = 0.1 T along the c axis
and within the ab plane, which both exhibit an anomaly at
Txn. At low temperatures, x (T') is significantly larger for fields
along the ¢ axis than in the ab plane, demonstrating that the ¢
axis is the easy axis of magnetization. At Ty, there is a peak
in x(T) for H || ¢, while for H || ab, x(T) weakly increases
below Ty, indicating that this corresponds to an antiferromag-
netic transition with moments ordered along the easy c axis.

At higher temperatures, the data >100 K can be analyzed
using the Curie-Weiss law: x=xo + C/(T — 6cw), where xo
is a temperature-independent term, C is the Curie constant,
and Ocw is the Curie-Weiss temperature, yielding 6gy, =
—11.7(3) K and an effective moment of ugy = 2.35uz/Ce for
H | c, as well as 6%, = —12.9(8)K and pu2 = 2.49u5/Ce
for H || ab. The obtained values of u for both directions are
close to the full value of 2.54 up for the J = % ground state
multiplet of Ce*t. At lower temperatures, there is a deviation
of x(T) from Curie-Weiss behavior, due to the splitting of
the ground state multiplet by crystalline-electric fields. To
analyze the CEF level scheme, we considered the following

Hamiltonian for a Ce®* ion in a tetragonal CEF [33]:
Her = BY0OY + BYOY + BiO3, )

where O} and B} are Stevens operator equivalents and param-
eters, respectively. The B) parameter can be estimated from
the high-temperature susceptibility using [34]

B — 10kp (Gé’év - Qéw)

- 3
27307 - 1D)(Q2J+3) ©)

where J = % for the ground state multiplet of Ce**, yielding
Bg = —0.01077 meV. Here, x(T') along both directions was
analyzed considering the contribution from the CEF y/ as
well as molecular field parameters A’ using

XéEF‘ (4)
1 — M xCgr ’

i

x'=x+

where the superscript i denotes the ¢ axis or ab plane. With
BY fixed from Eq. (3), values of B} = —0.0746 meV and |Bj|
= 0.496 meV were obtained, together with molecular field
parameters of A° = —3.55 mol/emu and A*’ = 8.15 mol/emu,
X = 2.2 x 10~*emu/mol and x{® = —2.3 x 10~*emu/mol,
and the fitted results are shown in Fig. 4(b). These param-
eters yield a CEF scheme with a I'; ground state Kramers
doublet ") = 0.883] & 3) — 0.469]  3) (for positive Bf),
and excitations to ' and I'; levels of A; = 2.8 meV and
A, = 32.1 meV, respectively. At high temperatures, the small
negative BY leads to a nearly isotropic x(7'), while at low
temperatures, the negative B} leads to the observed Ising
anisotropy with an easy c axis. The predicted moment along
the ¢ axis is given by (u;) = (YFlgsJ|¥iF) = 1.4 ug/Ce,
which is larger than the value obtained from the saturated
magnetization. The positive value of A% is consistent with
ferromagnetic coupling between spins within the basal plane,
while the smaller negative A is consistent with weaker anti-
ferromagnetic coupling between Ce layers.

B. Field dependence of the magnetic properties

To determine the behavior of the magnetic ground state
in magnetic fields and to map the field-temperature phase
diagrams, measurements of the specific heat and magnetiza-
tion were performed in different applied fields. Figure 5(a)
displays the low-temperature specific heat of CePdGag with
different fields applied along the ¢ axis. Here, Ty is grad-
ually suppressed with increasing field, and at fields >2 T,
no magnetic transition is observed. Instead, there is a broad
hump in C/T, which shifts to higher temperature with in-
creasing field, corresponding to the Schottky anomaly from
the splitting of the ground state doublet in the applied field.
In Fig. 5(b), C/T is displayed for fields within the ab plane,
where the antiferromagnetic transition is more robust than for
fields along the c axis, and the broad Schottky anomaly is only
clearly resolved in a field of 12 T. The differences in the field
dependence for the two different field directions are consistent
with the low-temperature Ising anisotropy in CePdGag, where
a smaller field along the easy c axis can bring the system to
the spin-polarized state.

The low-temperature x (7) in different applied fields are
displayed in Fig. 6. For fields along the ¢ axis, distinctly
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FIG. 5. Temperature dependence of the specific heat of CePdGag
in various applied magnetic fields (a) parallel to the ¢ axis and
(b) within the ab plane.

different behaviors are observed for different field ranges. In
a field of 0.1 T, there is a sharp peak at Ty, corresponding to
entering the antiferromagnetic ground state. At a larger field
of 0.5 T, only a small hump is observed at Ty, while at low
temperatures, there is an increase in x (7"), and at higher fields,
there is broad peak which is gradually suppressed with field.
Meanwhile, for fields within the ab plane up to at least 8 T,
there is a gradual suppression of 7y, in line with the specific
heat results.

The isothermal magnetization as a function of field along
the ¢ axis at three temperatures below 7y is displayed in
Fig. 7(a), measured upon both sweeping the field up and
down. In zero field, there is no remanent magnetization, con-
sistent with a purely antiferromagnetic ground state. At 2 K,
there are two metamagnetic transitions at H,,; = 0.4T and
H,», = 2.1T, where hysteresis is also observed, indicating a
first-order nature; otherwise, the magnetization plateaus, with
only a weak change of the magnetization with field. This
is consistent with H,,; and H,; corresponding to spin-flip
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FIG. 6. Temperature dependence of the magnetic susceptibility
x (T) of CePdGag in different magnetic fields parallel to the ¢ axis
for fields (a) below and (b) above 1 T. The vertical arrows mark
the position of the antiferromagnetic transition. (¢) x (7") for various
fields applied within the ab plane, where the dashed line shows the
evolution of Ty with field.
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FIG. 7. (a) Isothermal field dependence of the magnetization
M (H) of CePdGag for fields along the ¢ axis, at three temperatures
below 7Ty. The lower inset displays the low-field region of the data
in the main panel, demonstrating hysteresis about the metamagnetic
transition, while the upper inset shows M(H) at 2 K for fields
within the ab plane. (b) Field dependence of the resistivity p(H)
of CePdGag at several temperatures for fields along the ¢ axis. The
dashed lines show the evolution of the two metamagnetic transitions.

transitions, with the spins remaining orientated along the ¢
axis. For fields above H,,;», no magnetic transition is observed
in the specific heat, and therefore, this likely corresponds to
the system reaching the spin-polarized state, with a satura-
tion magnetization of M; = 1.1 ug/Ce. On the other hand,
above H,,, the magnetization reaches a value of 0.35 ug/Ce,
corresponding to &M, /3, indicating a change of magnetic
structure with a ferromagnetic component. While there is
little change in the field dependence of the magnetization
at 3 K, the curves at 4 K are drastically different. Instead
of there being abrupt steplike metamagnetic transitions, the
magnetization smoothly increases with field, reaching a very
similar saturation value. This suggests that, at higher tem-
peratures, the spins continuously rotate upon increasing the
applied field rather than undergoing abrupt spin-flip transi-
tions. The field-dependent magnetization at 2 K for fields in
the ab plane is also shown in the inset of Fig. 7(a), which
smoothly changes with field, with no sign of saturation up to
at least 5 T, consistent with this being the hard direction of
magnetization. The metamagnetic transitions are also revealed
in the field dependence of the resistivity p(H ), as displayed
in Fig. 7(b) for fields along the ¢ axis. At 0.3 K, two abrupt
anomalies are observed corresponding to H,,; and H,,», which
are also detected at 1.8 and 3 K. Above these transitions, there
is a decrease of p(H), consistent with the reduced spin-flip
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FIG. 8. Temperature dependence of the ac heat capacity of
CePdGag at various hydrostatic pressures up to 2.2 GPa. The vertical
dashed line shows the position of the ambient pressure 7y, which
remains nearly unchanged with pressure.

scattering arising from a larger ferromagnetic component to
the magnetism. On the other hand, no metamagnetic transi-
tions are detected at 5 K, where instead there is a broad peak
in p(H), again consistent with a more gradual reorientation of
the spins with field at higher temperatures.

C. Magnetism of CePdGag under pressure

To determine the evolution of the magnetic order under
pressure, the temperature dependence of the ac specific heat
of CePdGag was measured at several different hydrostatic
pressures up to 2.2 GPa, which are displayed in Fig. 8. It
can be seen from the dotted line that there is little change
of Ty with pressure, indicating the robustness of magnetic
order. In the case of the layered Ce,MGa, compounds, the
Tx of Ce;NiGay, and Ce,PdGa;, decrease with pressure, and
antiferromagnetism is suppressed entirely >5.5 and 7 GPa,
respectively [26,27]. On the other hand the Ty of Ce,IrGa;;
undergoes a moderate enhancement from 3.1 to 3.7 K for pres-
sures up to 2.3 GPa, indicating that this compound is located
on the left side of the Doniach phase diagram [25]. In the case
of CePdGag, the robustness of Ty suggests that measurements
to higher pressures are required to situate this compound
within the framework of the Doniach phase diagram and to
examine whether there is pressure-induced quantum criticality
in CePdGag.

IV. DISCUSSION

Our measurements of the resistivity, magnetic susceptibil-
ity, and specific heat show that CePdGag orders antiferro-
magnetically below Ty = 5.2 K, with the moments orientated
along the c axis. Figure 9 displays the temperature-field phase
diagram for magnetic fields applied along the ¢ axis. The
phase boundaries obtained from different measurements are
highly consistent, showing that 7y shifts to lower temperatures
with field, before abruptly disappearing in a field of 2 T.
At low temperatures, there are two steplike metamagnetic

6 1 v 1 B v )
. Hllc i
4 -\\:\5 Eo,s |
< . o | )
: \ .| = C(T)
21 H JH A (M) A
| \ p(T)
\ ll M (H)
. i o p(H)
O o\ 1 1 1 N
0 1 2 3 4

FIG. 9. Temperature-field phase diagram of CePdGag at ambi-
ent pressure for fields along the easy ¢ axis, from measurements
of the resistivity, magnetization, and specific heat. The solid line
shows the evolution of 7y, while the dashed lines show the positions
of the low-temperature metamagnetic transitions. The magnetic
structures at low temperature are also illustrated by the orange arrows
where, in zero field, there is an antiferromagnetic ground state, while
upon applying a field, the system passes through an intermediate 11|,
phase before entering the spin-polarized state. The inset shows the
field dependence of the magnetization based on mean-field calcula-
tions of the magnetic ground state calculated using the MCPHASE
software package [35], with the parameters described in the text.

transitions shown by the dashed lines, where the second tran-
sition is to the spin-polarized state, while the lower transition
corresponds to a change of magnetic state to a phase with a
magnetization of 0.35 ug/Ce, about one-third of the saturated
value. Such steplike changes in the magnetization suggest that
the spins are strongly constrained along the ¢ axis, and there-
fore, there are abrupt spin-flip transitions for fields applied
along the ordering direction. On the other hand, at 4 K, the
magnetization changes smoothly with field, reaching the same
saturated magnetization, indicating that, at this temperature,
the spins continuously rotate in the applied field. Such a
change with temperature may be a consequence of only a
moderate magnetocrystalline anisotropy, as also evidenced by
the relatively small value of the spin-wave gap Agy /Tx =~ 0.4
as compared with the other heavy-fermion gallides Ce,IrGa;,
and Ce,PdGa,,, which have Agy /Ty of 1.5 and 2.8, respec-
tively [24,25].

From the analysis of the magnetic susceptibility including
the CEF contribution, the molecular field parameter is posi-
tive in the ab plane (A“?), while a smaller negative value is
obtained along the ¢ axis (A“). Together with the fact that only
a relatively small field along the c axis is required to reach the
spin-polarized state, this suggests that the antiferromagnetic
ground state consists of ferromagnetically ordered Ce layers
coupled antiferromagnetically along the ¢ axis. The simplest
model for such a system would consist of ferromagnetic
Heisenberg exchange interactions between nearest neighbor
Ce atoms within the ab plane J; > 0 and antiferromagnetic
exchange interactions [J; < 0 between nearest neighboring
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layers as well as a sufficiently strong Ising anisotropy. This
yields an A-type antiferromagnetic ground state consisting
of ferromagnetic layers with moments orientated along the ¢
axis, where the moment direction alternates between adjacent
layers 1| 1. This model, however, cannot account for the
field-induced phase with one-third magnetization since, for
fields along the ¢ axis, only a metamagnetic transition directly
from the 1| 1| phase to the spin-polarized state is anticipated.

To realize the intermediate field-induced phase, it is nec-
essary to consider an antiferromagnetic exchange 7, between
next-nearest neighboring layers. In this case, from considering
the classical ground state energies with sufficiently strong
Ising anisotropy, the same 1 1| ground state is realized for
Ji1/J> > 2, while a $1] | state occurs for 7,/ 7> < 2 [36].
Upon applying a magnetic field along the ¢ axis, there is a
metamagnetic transition at a field H,,; to an 11 state with a
net magnetization one-third of the saturated value and another
at H,; to the spin-polarized state, where H,,/H,, is deter-
mined by J;/J>. We performed mean-field calculations of the
magnetic ground state and magnetization using the MCPHASE
software package [35], which determines the most stable mag-
netic structure at a given temperature and magnetic field from
considering multiple random starting moment configurations.
These considered the Heisenberg exchange interactions de-
scribed above as well as the CEF Hamiltonian Hcg with our
deduced values of the Stevens parameters. As shown in the
inset of Fig. 9, the observed values of H,,; = 0.4 T and H,,, =
2.1T, from the midpoints of the metamagnetic transitions
at 2 K, are well reproduced from the mean-field calculations at
2 K with J; = —0.023meV and /> = —0.0085 meV, where
for H,; < H < H,;5, the 11| ground state has the lowest
energy. Keeping these values fixed, we find that a nearest
neighbor in-plane ferromagnetic interaction Jp = 0.034 meV
can yield the observed value of Ty = 5.2 K. Therefore, our
analysis suggests stronger in-plane ferromagnetic interac-
tions, where the value of 47,/(2J, + 2J>) = 2.16 is close
to our fitted value of A% /A¢ = 2.3. Note that, here, we have
assumed a 11| ground state with J;/J> > 2. Although
a M|l phase has been reported in CeCoGes [37], such a
scenario is less likely in CePdGag due to the larger interlayer
distances.

Compared with the layered heavy-fermion antiferromag-
net CeRhlIns, the magnetism in CePdGag appears to have a
much more three-dimensional character, whereas it is rather
two-dimensional in the former, with J;/Jy = 0.13 deduced
from inelastic neutron scattering [38]. In addition, in CeRhlIns,
the easy plane anisotropy and presence of in-plane antifer-
romagnetic interactions give rise to spiral magnetic order
which is incommensurate along the ¢ axis [13,14], and these
features may be important factors for realizing the unconven-
tional quantum criticality and superconductivity. On the other
hand, the Ty of CePdGag is much more robust with pres-
sure, remaining almost unchanged at pressures up to 2.2 GPa.

Therefore an understanding of the relationship between the
magnetism and any quantum critical behaviors will require
measurements at considerably higher pressures.

In addition, despite the layered arrangement of Ce atoms,
the local environment of the Ce atoms is relatively three
dimensional, as evidenced by the derived CEF parameters
being close to that for a cubic system (where B =0 and
|Bf| = 5|BY]). This CEF scheme can correctly predict the
low-temperature Ising anisotropy, but the predicted moment
along the ¢ axis is larger than that observed. While such
a reduced moment compared with that predicted from the
CEF level scheme is often observed in heavy-fermion anti-
ferromagnets due to screening of the moments by the Kondo
effect [14,16,37,39,40], confirming whether such a scenario is
applicable to CePdGag requires a more precise determination
of the CEF parameters, by measurements such as inelastic
neutron scattering.

V. CONCLUSIONS

In summary, we have characterized the magnetic prop-
erties of the heavy-fermion antiferromagnet CePdGag and
their evolution upon the application of magnetic fields and
pressure. We have constructed the temperature-field phase
diagram for fields along the ¢ axis where, at low temperatures,
there are two abrupt metamagnetic transitions corresponding
to spin-flip transitions. From the analysis of the magnetic
susceptibility, we propose a CEF level scheme for the splitting
of the ground state J = % multiplet, indicating that the Ising
anisotropy at low temperatures is driven by the sizable B
parameter. Moreover, our results are consistent with an an-
tiferromagnetic ground state consisting of ferromagnetically
coupled Ce layers, with antiferromagnetic coupling between
layers. We have proposed a model for the exchange interac-
tions which can explain the evolution of the magnetic ordering
with applied magnetic field, which has sizable nearest neigh-
bor and next-nearest neighbor layer interactions, indicating
the presence of significant long-range magnetic interactions.
Despite evidence for heavy-fermion behavior, there is negli-
gible change of 7y upon applying pressures up 2.2 GPa, and
hence, measurements at much higher pressures are necessary
to look for evidence of quantum criticality.
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