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Magnetic properties of the heavy-fermion antiferromagnet CeMg3
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We have grown the single crystals of CeMg3 and its nonmagnetic analog LaMg3, which crystallize in the
cubic crystal structure with the space group Fm3̄m, and studied their magnetic properties on well-oriented single
crystals by measuring the magnetic susceptibility, magnetization, electrical resistivity, and heat capacity. CeMg3

orders antiferromagnetically with a Néel temperature TN of 2.6 K. The specific heat capacity at low temperature
exhibits an enhanced Sommerfeld coefficient of 370 mJ/K2 mol, indicating the heavy-fermion nature of CeMg3.
An estimation of the Kondo temperature TK was made and it was found that it is of a magnitude similar to that of
TN. The reduced value of the magnetization below the ordering temperature, together with the reduced entropy at
the magnetic ordering temperature and the enhanced low-temperature heat capacity, indicates that Kondo effect
plays a significant role in this compound. The electrical resistivity measurement suggests that CeMg3 is a Kondo
lattice compound. We have performed a crystalline electric field (CEF) analysis on the magnetic susceptibility
and the heat capacity data and found that the ground state is a �7 doublet with an overall splitting of 191 K.
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I. INTRODUCTION

The magnetism due to the localized 4f electrons in the
rare-earth-based intermetallic compounds is always interesting
due to the wide range of physical properties exhibited by these
compounds. The binary rare-earth intermetallic systems have
been studied over several decades. In particular, the Ce-based
binary compounds are the most extensively studied as they
exhibit many novel magnetic behaviors owing to the close
proximity of the 4f level to the Fermi level. For example,
CeAl3 and CeCu6 are heavy-fermion Kondo lattice compounds
without any long-range magnetic order,1,2 and the cubic CeAl2
and CeB6 are Kondo lattice compounds that order magnetically
at low temperature.3,4 Pressure-induced superconductivity is
observed in the binary compound CeIn3.5 In view of these
interesting properties of binary compounds, we wanted to
investigate the magnetic properties of RMg3 (R = La and
Ce) compounds which crystallize in the cubic BiF3-type
structure. In one of the early reports on the RMg3 system,
Buschow6 has studied the magnetic properties of CeMg3 and
NdMg3 and reported no magnetic ordering, down to 4.2 K,
in these two compounds. However, Pierre et al.7 and Galera
et al.8 have found that CeMg3 orders antiferromagnetically
at 3.4 K,7,8 while NdMg3 orders magnetically at 6 K.8 From
the previous neutron scattering experiments on polycrystalline
samples,9,10 it has been found that NdMg3 undergoes an
antiferromagnetic ordering at TN = 6 K with the propagation
vector k = (0.5, 0.5, 0.5) and the magnetic structure of
NdMg3 possesses ferromagnetic layers of (111) which are
stacked in opposite directions leading to an antiferromagnetic
alignment along the [111] axis. Recently, Tanida et al.11

have performed detailed magnetic measurements on PrMg3

single crystals and found that PrMg3 exhibits a nonmagnetic
�3 doublet ground state. In this paper, we report on the
detailed magnetic properties of single crystalline LaMg3 and
CeMg3 by studying the magnetization, electrical resistivity,
and heat capacity measurements. A crystal electric field
(CEF) analysis was performed on the susceptibility and heat
capacity data and the energy levels thus obtained corroborate

the previous neutron diffraction measurements performed on
polycrystalline samples.7

II. EXPERIMENT

From the binary phase diagram of Ce-Mg and La-Mg by
Nayeb-hasehmi and Clark12 it was found that both CeMg3 and
LaMg3 melt congruently at a temperature close to 800 ◦C.
Hence these compounds can be grown directly from the melt.
Owing to the high vapor pressure of Mg, the single crystals
were grown by the Bridgman method. The stoichiometric
amounts of the rare-earth metal and magnesium were taken in a
point bottomed alumina crucible and sealed in a molybdenum
tube. This molybdenum tube was then subsequently sealed
in a quartz ampoule and loaded into a box-type furnace. The
furnace was then raised to 850 ◦C, well above the melting
point of these compounds and held at this temperature for
24 hours. Then the samples were slowly cooled down to
780 ◦C over a period of 3 days. Bulk shiny single crystals
were obtained by gently tapping on the alumina crucible and
they were found to be stable in air. The crystals were then
subjected to powder x-ray diffraction to check the phase
purity. The orientation of the crystal was obtained by the
back reflection Laue method. The dc magnetic susceptibility
and the magnetization measurements were performed in
the temperature range 1.8–300 K using a superconducting
quantum interference device (SQUID) and vibrating sample
magnetometer (VSM). The electrical resistivity was measured
down to 1.9 K in a homemade setup. The heat capacity
was measured using a Quantum Design physical property
measurement system (PPMS).

III. RESULTS

A. X-ray diffraction

Small pieces of the single crystals were crushed into a
fine powder and subjected to powder x-ray diffraction, using
a PANalytical x-ray diffractometer with monochromatic Cu
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FIG. 1. (Color online) A representative powder x-ray diffraction
pattern of CeMg3.

Kα radiation, to check the phase purity and to estimate the
lattice constant values. No traces of any secondary phases
were seen in the x-ray diffractogram, indicating the samples
are phase pure. A Rietveld analysis was performed and the
representative powder x-ray diffraction pattern of CeMg3 is
shown in Fig. 1. A reasonably good fit of the experimental
pattern confirms the space group Fm3̄m (#225) and the
estimated lattice constant was 7.468 Å for LaMg3 and 7.422 Å
for CeMg3. It is worth mentioning here that the nearest Ce-Ce
distance is 5.248 Å. Hence, CeMg3 is a good system to study
the competing Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction and Kondo screening. The stoichiometry of the
samples was further confirmed by energy dispersive analysis
by x-ray (EDAX) where the composition of the single crystal
was analyzed at various regions of the single crystal. It was
found that the sample is highly homogeneous, maintaining
the stoichiometry throughout the sample. The crystals were
then oriented along the principal crystallographic direction,
namely, [100], by means of Laue back reflection. The fourfold
symmetry of the Laue pattern confirmed the cubic structure
of this compound. The crystals were then cut along [100] by
means of a spark erosion cutting machine for the magnetic
property measurements.

B. Magnetization

The temperature dependence of magnetic susceptibility of
CeMg3 from 1.8 to 300 K in an applied magnetic field of
1 kOe for H parallel to [100] direction is shown in Fig. 2(a).
The inset shows the low-temperature part of the magnetic
susceptibility where the susceptibility exhibits a cusp at 2.6 K
and drops with the decrease in the temperature. This cusp in
the magnetic susceptibility at 2.6 K is the Néel temperature
of CeMg3 where the Ce moments order antiferromagnetically.
The magnetic ordering temperature at 2.6 K here is less than
what has been reported on polycrystalline samples earlier.8 The
heat capacity measurement to be discussed later confirms the
bulk magnetic ordering at this temperature. Figure 2(b) shows
the inverse magnetic susceptibility. At high temperature the
inverse magnetic susceptibility is linear and follows Curie-
Weiss law for temperature above 200 K. The solid line in
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FIG. 2. (Color online) (a) Temperature dependence of magnetic
susceptibility of CeMg3 for field parallel to [100]. The inset shows the
low-temperature part of the magnetic susceptibility in an expanded
scale. (b) Inverse magnetic susceptibility of CeMg3. The solid line is
a fit to Curie-Weiss law.

Fig. 2(b) is a fit to the Curie-Weiss law. From the fitting, the
effective magnetic moment μeff and the paramagnetic Curie
temperature θp were found to be 2.61 μB/Ce and −12 K,
respectively. The estimated effective moment is close to the
free ion value of Ce, 2.54 μB in its trivalent state. The negative
sign of the θp indicates the antiferromagnetic nature of the
magnetic ordering. The inverse susceptibility deviates from
the linearity for temperature less than 200 K, which is mainly
attributed to the CEF effect.

The field dependence of magnetization M(H ) at a constant
temperature T = 1.8 K is shown in Fig. 3. The magnetization
is almost linear up to a field of 12 T, thus confirming
the antiferromagnetic ordering of the Ce moments. The
magnetization does not show any signature of saturation up
to a field of 12 T and attains a value of only 0.5 μB/Ce, thus
corroborating the previous neutron diffraction experimental
results where an ordered moment of 0.59 μB is observed.8 The
saturation moment of a free Ce3+ ion gJ JμB is 2.14 μB with
gJ = 6/7 and J = 5/2. The observed magnetization is much
reduced compared to the free Ce3+ ion and this reduction in
the magnetization is attributed to the Kondo effect and the CEF
effect.

134416-2



MAGNETIC PROPERTIES OF THE HEAVY-FERMION . . . PHYSICAL REVIEW B 83, 134416 (2011)

0.6

0.4

0.2

0

M
ag

ne
ti

za
ti

on
 (

μ B
/C

e)

12840
Magnetic Field (Tesla)

T = 1.8 K CeMg3

H // [100]

FIG. 3. (Color online) Isothermal magnetization of CeMg3 for
H ‖ [100] at T = 1.8 K measured in a vibrating sample magnetometer.

C. Electrical resistivity

The electrical resistivity of CeMg3 and LaMg3 in the
temperature range from 1.9 to 300 K, for current parallel to the
[100] direction is shown in the main panel of Fig. 4. The anti-
ferromagnetic ordering at 2.6 K is not clearly discernible here
as the resistivity was measured down only to 1.9 K. The ρ(T ) of
LaMg3 decreases with the decrease in temperature, typical of a
metallic compound without any anomaly at low temperature,
while the electrical resistivity for CeMg3 initially decreases
with decreasing temperature and exhibits a broad curvature
at around 150 K followed by a minimum at 30 K. Below
30 K, the resistivity shows a weak increase and then decreases.
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FIG. 4. (Color online) Temperature dependence of electrical
resistivity ρ(T ) of CeMg3 and LaMg3 in the temperature range 1.9 to
300 K. The inset shows the magnetic part of the electrical resistivity
ρmag(T ).

The broad hump at 150 K may be attributed to the combined
influence of the crystal field and the Kondo effects. The inset
shows the magnetic part of the resistivity ρmag, obtained by
subtracting ρLaMg3 from ρCeMg3 , in semilogarithmic scale. ρmag

increases with the decrease in temperature below 300 K and
shows two broad peaks centered around 6 and 100 K. This
type of double-peaked structure in ρmag(T ) is often observed
in Kondo lattice compounds, exhibiting magnetically ordered
ground states. Hence, CeMg3 can be termed as a Kondo lattice
compound. The ρmag(T ) varies nearly as –ln(T ) at low and high
temperatures. According to Cornut and Coqblin,13 this type of
behavior is expected for Kondo-type interaction in the presence
of strong crystal field splitting with the Kondo temperature
TK much less than the overall crystal field splitting �CEF.
The low-temperature peak in ρmag(T ) may be attributed to the
Kondo scattering of the conduction electrons with an energy
scale of the order of Kondo temperature TK. The estimation of
TK is given in Sec. IV.

D. Heat capacity

The temperature dependencies of the specific heat capacity
of single crystalline CeMg3 and LaMg3 are shown in the main
panel of Fig. 5(a). The heat capacity of LaMg3 does not show
any anomaly, and its temperature dependence is typical for a
nonmagnetic reference compound. The low-temperature part
of the heat capacity of CeMg3 is shown in the top inset of
Fig. 5(a), where a clear jump is seen at TN = 2.6 K, confirming
the bulk magnetic ordering in this compound. No anomaly is
seen at 3.5 or 4 K as claimed by Galera et al.8 in the earlier
studies on polycrystalline samples. Thus the antiferromagnetic
ordering in CeMg3 is confirmed to be at 2.6 K. The low-
temperature part of the C/T vs T 2 plot is shown in Fig. 5(a)
and the magnitude of the Sommerfeld coefficient γ is obtained
by fitting the expression C/T = γ + βT 2. The γ value thus
obtained is estimated to be 370 mJ/K2 mol, and the β value
is estimated to be 608 mJ/K4 mol. The high-temperature
γHT estimated in the paramagnetic state (12 K < T < 17 K)
results in a value of 41 mJ/K2 mol. This implies that the
enhanced low-temperature γ value is due to the strong Kondo
interaction. The large value of γ in the low-temperature region
indicates that CeMg3 is a heavy-fermion compound, while
the obtained β value implies the expected contribution from
the magnons, in the magnetic structure. The large value of the
γ also signals the enhanced density of the quasiparticle state
at the Fermi level. The magnetic part of the heat capacity Cmag

was estimated by the usual method of subtracting the heat
capacity of LaMg3 from that of CeMg3. Cmag shows a broad
peak centered around 80 K indicating the Schottky anomaly.
The energy level scheme is given in Sec. IV. The Cmag/T

versus temperature plot and the calculated entropy are shown
in Fig. 5(b). At TN (= 2.6 K) the entropy amounts to only
0.5 R ln 2 with respect to the value of R ln 2 anticipated for
a doublet ground state. The reduced value of R ln 2 further
confirms the Kondo effect in CeMg3.

Figure 6 shows the C/T versus T plot of CeMg3 measured
in applied fields of 0, 1, and 5 T. There is no appreciable
change in the ordering temperature in an applied field of 1
T while in a 5-T field, the Néel temperature shifts to lower
temperature and the jump in the heat capacity also decreases
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FIG. 5. (Color online) (a) Temperature dependence of the specific
heat capacity in CeMg3 and LaMg3. The top insets show the low-
temperature plots of C vs T and C/T vs T of CeMg3. The bottom
inset shows the C/T vs T 2 plot. (b) Cmag/T vs T of CeMg3. The
calculated entropy is plotted on the right axis.

as it is usually observed in antiferromagnetically ordering
compounds. The low-temperature part of the C/T versus T 2

plot is shown in the inset of Fig. 6. An estimation of the γ value
by linear extrapolation of the C/T versus T 2 plot of the heat
capacity data measured in 1- and 5-T fields results in 300 and
200 mJ/K2 mol, respectively. The reduction in the γ value
implies that the application of magnetic fields tends to break
the Kondo coupling between the localized 4f electron and the
conduction electrons.

IV. DISCUSSION

The previous studies on polycrystalline samples of CeMg3

have claimed that this compound orders antiferromagnetically
at 4 K.8 However, it is ubiquitous from our magnetic and
thermal measurements on clean phase pure single crystals that
CeMg3 orders antiferromagnetically at 2.6 K. The large value
of the Sommerfeld coefficient γ at low temperature indicates
enhanced density of states at the Fermi level which is due
to the result of the Kondo effect. The electrical resistivity
measurement clearly indicates that CeMg3 is a Kondo lattice
compound. The reduced value of the magnetic moment of
0.5 μB/Ce at T = 1.8 K in a field of 12 T and a very small heat
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FIG. 6. (Color online) (a) C/T versus T plot of CeMg3 in applied
magnetic fields, in the temperature range 0.5 to 4 K. The inset shows
the low-temperature part of the C/T versus T 2 plot.

capacity jump at the magnetic ordering temperature further
confirm the Kondo effect in CeMg3. We made an estimate of
the Kondo temperature TK by the method described by Bredl
et al.,14 where in the mean field approach, the jump in the heat
capacity �Cmag of a Kondo system is related to the Kondo
temperature. Besnus et al.15 have found that the estimation of
TK by this model agrees well with the experimental data on
various Ce and Yb compounds. From Eqs. (12), (13), and (15)
of Ref. 14, Blanco et al.16 have given the expression for �Cmag

at the magnetic ordering temperature as

�Cmag = 6NAkB

ψ ′′′ ( 1
2 + x

) [
ψ ′

(
1

2
+ x

)
+ xψ ′′

(
1

2
+ x

)]2

,

(1)

where x = (TK/TN)/2π and ψ ′, ψ ′′, and ψ ′′′ are the first,
second, and third derivative of the polygamma function and
the other terms have the usual meaning. A plot of this function
is shown in Fig. 7. The jump in the magnetic part of the heat
capacity was estimated to be 4.35 J/K mol, which results
in a TK value of 3.5 K. Desgranges and Schotte17 have
theoretically explained that the entropy of a Kondo system
at the characteristic temperature TK amounts to 0.68 R ln 2 (=
3.92 J/K mol). According to this expression, for CeMg3, 0.68
R ln 2 is reached at 3.8 K, which indicates that this Kondo
temperature is in close agreement with the one estimated
from Eq. (1). Furthermore, the Kondo temperature can also be
estimated from the paramagnetic Curie-Weiss temperature as
mentioned by Grüner and Zawadowski,18 |θp|/4(12/4 = 3 K).
The estimation of the Kondo temperature TK by various
methods gives a value of 3–4 K, which is close to the magnetic
ordering temperature of CeMg3. However, a detailed neutron
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diffraction experiment has to be performed to substantiate our
estimation of TK.

The magnetic part of the heat capacity Cmag of CeMg3

shows a broad peak at high temperature as shown in Fig. 8(a).
This feature is attributed to the Schottky excitations between

the CEF levels of the Ce3+ ions. We have performed an analysis
of the heat capacity and the magnetic susceptibility data on
the basis of the CEF model. The Schottky contribution to heat
capacity is given by the following expression,

CSch (T ) = R

[∑
i gie

−Ei/T
∑

i giE
2
i e

−Ei/T − [∑
i giEie

−Ei/T
]2

T 2
[∑

i gie−Ei/T
]2

]
, (2)

where R is the gas constant, Ei is the CEF energy level in
units of temperature and gi is the corresponding degeneracy.
The Ce atom in CeMg3 possesses a cubic site symmetry and
hence the ground state should be a doublet or quartet. From
the entropy calculations discussed above, it is obvious that
the ground state of CeMg3 should be a doublet ground state.
Considering a degeneracy of doublet ground state and a quartet
excited state, we found that the CEF levels are separated by
an energy of 191 K apart. The solid line in Fig. 8(a) indicates
the calculated Schottky heat capacity which is matching well
with the experimental data.

The crystalline electric field analysis was also performed on
the magnetic susceptibility data. For a cubic point symmetry,
the CEF Hamiltonian is given by

HCEF = B0
4

(
O0

4 + 5O4
4

) + B0
6

(
O0

6 − 21O4
6

)
, (3)

where Bm
l and Om

l are the crystal field parameters and the
Steven’s operators, respectively.19,20 For the Ce atom, the sixth-
order terms O0

6 and O4
6 vanish and hence the CEF Hamiltonian

reduces to

HCEF = B0
4

(
O0

4 + 5O4
4

)
. (4)
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FIG. 7. (Color online) Estimation of the Kondo temperature from
the jump in the magnetic part of the heat capacity. The solid line is
the plot of Eq. (1). See text for details.

The CEF susceptibility is given by the following expression,

χCEFi = N (gJ μB)2 1

Z

⎛
⎝∑

m�=n

|〈m| Ji |n〉|2 1 − e−β�m,n

�m,n

e−βEn

+
∑

n

|〈n|Ji |n〉|2 βe−βEn

)
, (5)
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FIG. 8. (Color online) (a) Magnetic part of the specific heat
capacity of CeMg3. The solid line is the calculated Schottky heat
capacity, which gives an energy separation of 191 K between the
ground state doublet and the excited quartet. (b) Inverse magnetic
susceptibility of CeMg3. The solid line is based on the CEF
calculation.
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where gJ is the Landé g factor, and En and |n〉 are the
nth eigenvalue and eigenfunction, respectively. Ji (i = x, y,
and z) is a component of the angular momentum, �m,n =
En − Em, Z = ∑

n e−βEn , and β = 1/kBT . The magnetic
susceptibility including the molecular field contribution λi is
given by

χ−1
i = χ−1

CEFi − λi. (6)

The CEF parameter B0
4 was estimated by using Eqs. (4)–(6).

The solid line in Fig. 8(b) is the calculated CEF curve and
the value of B0

4 thus obtained is 0.53 K and the molecular
field contribution λ is −8 mol/emu. The sign of the B0

4
parameter is positive, which clearly indicates that the ground
state is a �7 doublet. From the eigen values of the crystal
field Hamiltonian the crystal field splitting energy was found
to be 191 K. The crystal field level scheme thus obtained
from the magnetic susceptibility and the heat capacity data
are in accordance with the previous neutron diffraction results
on polycrystalline samples.7,9 The magnitude of the ordered
moment of a �7 doublet ground state based on the CEF
calculation (gJ Jx = 6/7 × 0.833) should be 0.714 μB/Ce.
The observed magnetization value at 1.8 K is only 0.56 μB/Ce,
this confirms that the moment reduction in this compound is
due to the combined effect of Kondo and crystal field effects.

The overall magnetic behavior of CeMg3 resembles to that
of the popular antiferromagnetically ordered heavy-fermion
systems like CeIn3,21 CePd2Si2,5 and CeCu2Ge2.22 These
systems have their Néel and Kondo temperatures nearly equal
and exhibit pressure-induced superconductivity. The ordered
moments in these compounds are also considerably reduced,
and these compounds also possess an enhanced Sommerfeld
coefficient γ , as it has been observed in the present CeMg3

system. All these imply that CeMg3 is another compound
where the high-pressure studies will yield some interesting
results.

V. CONCLUSION

Single crystals of LaMg3 and CeMg3 were grown by the
Bridgman method in sealed molybdenum tubes. X-ray and
EDAX analysis of the sample confirmed the stoichiometry of
the single crystals. The magnetic susceptibility and the heat
capacity clearly indicated the antiferromagnetic ordering at
TN = 2.6 K.

The heavy-fermion nature of this compound is confirmed
by the large Sommerfield coefficient γ = 370 mJ/K2 mol.
The reduced value of the magnetization, the reduced magnetic
entropy at the magnetic ordering temperature, and the –ln(T )
behavior in the electrical resistivity confirmed the significant
contribution of the Kondo effect in CeMg3. The estimated
Kondo temperature TK was found to be 3–4 K which is
close to the magnetic ordering temperature, suggesting a
delicate competition between the Kondo effect and the indirect
exchange interaction. Since TN and TK are very close in
CeMg3, it will be interesting to study the effect of pressure
on the electrical resistivity of CeMg3, which is planned for
the future. The CEF analysis of the heat capacity and the
magnetic susceptibility data indicated that the ground state is
a �7 doublet while the excited state is a �8 quartet with an
energy splitting of 191 K.
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