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Structure, magnetic ordering, and Kondo effect in (Ce;_,Nd,);Al
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A systematic study for (Ce;_,Nd,);Al (x=0—1.0) compounds has been performed by measuring lattice
parameters, electrical resistivity, magnetization, and specific heat. All samples exhibit the hexagonal crystal
structure at room temperature. The lattice parameters and unit-cell volume decrease monotonically with in-
creasing Nd content (x). An obvious hysteresis in temperature dependence of resistivity, which was attributed
to the crystal structural phase transition, is found at x=0.3. The low-temperature resistivity shows log T’
dependence, suggesting the Kondo effect at x=0.3. The Néel temperature and structural transition temperature
(Tg) decrease with increasing x, Ty merges with the antiferromagnetic (AFM) transition, and the Curie tem-
perature increases linearly with increasing x at x=0.2. Thus x~ 0.2 is a critical point where the ferromagnetic
order and Kondo effect compete at low temperature. The effective magnetic moments ¢ almost linearly
decrease with increasing x and agree with the estimation assuming Nd>* and Ce’* states, indicating that the
change in the electronic structures of Nd and Ce ions in the ground states is very small in the entire range. The
characteristic temperature 7, which was obtained by the fitting of Rajan’s curve decreases with increasing x at

x=0.15, i.e., a small fraction of Nd content strongly dilute the Kondo effect as well as AFM order.
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I. INTRODUCTION

Cerium-based intermetallic compounds have been exten-
sively studied experimentally and theoretically due to their
interesting physical properties such as Kondo effect, heavy
fermion behavior, valence fluctuation, superconductivity, and
magnetic properties.'™ It is well known that the anomalous
physical properties of Ce-based dense Kondo systems are
considered to arise from the strong hybridization between
localized 4f electrons and the conduction electrons. It has
been shown that under the hybridization there is a competi-
tion between the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction and the Kondo effect which have great influence
on the physical properties of materials.

Among Ce-Al compounds, R;Al (R=Ce, La, Pr, and Nd)
system has attracted much attention. The R;Al is crystallized
in the hexagonal Ni;Sn structure with the space group of
P6/mmc at room temperature.'” Ce;Al is known to be a
heavy fermion with y~ 100 mJ/K?/Ce mol. Ce;Al shows a
crystal phase transition around 110 K, single-impurity Kondo
effect around 20 K, and an antiferromagnetic transition at 2.8
K as well as the valence fluctuation of Ce below 110 K.!'-17
Recent high-pressure study for Ce;Al shows the pressure-
induced Kondo volume collapse and 4f electron
delocalization.'® Chen et al.'® found the size-induced phase
transition from magnetic ordering to Kondo behavior in
Ce;Al. LasAl shows a crystal phase and a superconducting
transition around 55 and 6 K, respectively.!®1720 Pr;Al
shows two magnetic phase transitions: a ferromagnetic (FM)
order at 4.8 K and an antiferromagnetic (AFM) order at 10
K.%! Recently Fukuhara et al.?? reported the specific-heat and
transport properties of Nd;Al which shows a ferromagnetic
order below 74 K. The lattice parameters, resistivity, suscep-
tibility, specific heat, and the thermal electrical power in a
La-substituted system of (Ce,_,La,);Al (x=0-1) (Refs. 12,
14, 16, 17, and 23) and a Y-substituted system of
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(Ce i, Y,)3Al (x=0-0.2) (Refs. 12 and 16) for Ce;Al had
been studied. La substitution for Ce site in Ce;Al causes the
increase in the volume, suppression of AFM order, and de-
crease in the Kondo temperature. In La-rich samples super-
conductivity is observed. Thus Nd substitution to Ce site in
Ce;Al system may be another typical candidate to study the
phase transition from Kondo system to magnetic ordered
state because of the strong magnetic property of Nd;Al It
is also physically interesting to observe the effect of Nd
substitution on the competition between the Kondo effect
and RKKY interaction in Ce-rich side of (Ce;_,Nd,);AL
Furthermore, we could see the effect of 4f electrons of sub-
stituted atoms on Ce in Ce;Al because La** have no 4f elec-
trons in (Ce,_,La,);Al while Nd** corresponds to 4f° in
(Ce;_,Nd,);Al. In this paper we report a systematic study of
crystal structure, magnetic and thermodynamic properties in
(Ce,_,Nd,);Al system, and the phase diagram is determined.
Our results show that the effect of the change in the volume
on the properties of the Kondo system in the (Ce;_,Nd,);Al
is very different from the (Ce,_,La,);Al system.

II. EXPERIMENTS

Polycrystalline samples of (Ce;_,Nd,);Al (x=0-1.0)
were prepared by an arc melting method using a tungsten
electrode under an argon atmosphere. First, we melted the
stoichiometric amounts of Nd, Ce, and Al on a water-cooled
copper hearth. The sample was melted more than six times
for homogeneity. The total weight loss of the sample ob-
tained by this method was less than 0.5%. Then the samples
were annealed for one week at 773 K and followed by three
weeks at 473 K in evacuated quartz tubes to obtain the hex-
agonal phase.'® All the samples were prepared under identi-
cal conditions. The crystal structures were determined by
x-ray diffraction (XRD) experiment. The samples were cut
into rectangular pieces for measurements of electrical resis-
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FIG. 1. X-ray diffraction patterns in (Ce;_,Nd,)3Al at room

temperature.

tivity, which were carried out using a standard four-probe
technique in the temperature range from 1.8 to 280 K. Mag-
netization measurement was carried out using a supercon-
ducting quantum interference device (Quantum Design, mag-
netic property measurement system) in the temperature range
from 2 to 300 K. Specific-heat measurements were carried
out by the adiabatic heat relaxation method in the tempera-
ture range from 2 to 200 K using physical property measure-
ment system (PPMS-9) made by Quantum Design.

III. RESULTS AND DISCUSSION

X-ray diffraction was performed on all the samples at
room temperature and the results are shown in Fig. 1. No
impurity peak was found within the experiment errors; all the
samples are single phased with Ni;Sn-type hexagonal crystal
structure at room temperature. The results suggest that the
(Ce;_,Nd,);Al (x=0-1.0) is a complete pseudobinary solid
solution. The lattice parameters at room temperature are de-
duced by the least-squares method from the XRD data as
shown in Fig. 2. The results of Ce;Al and Nd;Al alloys are in
good agreement with previously measured values.!>!7-?2 The
lattice parameter does not change along ¢ axis as a function
of x but it does along a and b axes, resulting that the volume
monotonically decreases with increasing x. In (Ce,_,La,);Al
the volume (V) increases largely with increasing La concen-
tration by AV/V~8%, where AV is change in the volume, as
well as the increase in Y concentration in (Ce;_,Y,);Al
system.'>117 AV/V is, however, less than ~1.5% for
(Ce;_,Nd,);Al and increase in the Nd concentration causes
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FIG. 2. Lattice parameters a and c as well as unit-cell volume V
as a function of x in (Ce;_,Nd,);Al at room temperature.

the decrease in volume. Figure 3(a) shows the temperature
dependence of susceptibility (y) at temperature range from 2
to 300 K in an external field H=1 kOe. Magnetic phase
transition from paramagnetic (PM) to AFM is observed for
Ce-rich samples at x=0.1 and the transition temperature 7
decreases with decreasing x very rapidly. In contrast, the FM
transition is observed for Nd-rich samples clearly and the
Curie temperature (7T.) gradually increases with increasing
Nd content x.
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FIG. 3. (a) Temperature dependence of magnetic susceptibility
(x) in (Ce;_Nd,);Al from 2 to 300 K at an external field of H
=1 kOe. (b) Fit of the Rajan’s curve (solid lines) to the experimen-
tal result of the magnetic susceptibility, making 7, as a fitting pa-
rameter (see text) (Ref. 25).
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FIG. 4. Magnetic field dependence of magnetization for
(Ce_,Nd,);Al at 2 K with increasing and decreasing field. The
inset shows the magnetic moment at 2 K under 20 and 70 Oe as
function of x in (Ce;_,Nd,);Al

According to the Bethe-Ansatz solution of the Cogblin-
Schrieffer model, the physical properties of a Kondo lattice
are well scaled by a single energy parameter (7).>*> We
estimate the characteristic temperatures for x=0, 0.05, and
0.1 by using Rajan’s numerical results.”> As shown in Fig.
3(b), we fit the Rajan’s curve to the experimental result of
the magnetic susceptibility, making 7,, and x(0) as fitting
parameters. Note that we assumed the total angular momen-
tum of J=1/2 instead of J=5/2 by taking into account the
crystal-field effect. T, is estimated to be about 5.9, 2.3, and
1.6 K for x=0, 0.05, and 0.1, respectively.

Figure 4 shows the magnetization curves M(H) measured
at 2 K up to 70 kOe. The magnetization tends to be saturated
at low field for Nd-rich samples. An almost linear increase in
the magnetization with increasing magnetic field was found
for Ce-rich samples. The magnetization at 2 K under 20 and
70 kOe as a function of x is shown in the inset of Fig. 4(b).
The difference between 20 and 70 kOe decreases gradually
with increasing x. These behaviors indicate that at low tem-
perature the AFM contribution is larger for Ce-rich samples,
in contrast, the FM is dominant for Nd-rich samples. These
characters are consistent with the magnetization measure-
ment as a function of temperature as shown below.

The temperature dependence of reciprocal susceptibility
(1/x) at 1 kOe are shown in Fig. 5. The anomalous change
around 110 K for Ce-rich sample is due to the crystal phase
transition which is confirmed by low-temperature XRD.?
The reciprocal susceptibility in the high-temperature region
could be described by the Curie-Weiss law, i.e., y=C/ T—@,,,
where C is the curie constant and 0, is the paramagnetic
Curie temperature.
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FIG. 5. Temperature dependence of inverse magnetic suscepti-
bility (1/x) at 1 kOe in (Ce;_,Nd,);Al.

The effective magnetic moments, t.s, and the paramag-
netic Curie temperature, G)p, as a function of x deduced
from the Curie-Weiss law are shown in Fig. 6. The values
of . and O, gradually increase with the decreasing x.
0, is negative for Ce-rich samples but positive for Nd-rich
ones, i.e., the magnetic transition is transferred from AFM
to FM with the increase in Nd concentration. The estimated
value of u,, for Ce;Al and Nd;Al are 2.49u; and 3.56u,
which are close to the values of free ions; Ce** (2.54up)
and Nd** (3.62up), respectively. Indeed, the experimen-
tally derived values of p,, are consistent with those
of theoretical calculated by the equation p.r= [(1
—x)[,u,e_ff(Ce3+)]2+ x[,ueff(Nd3+)]}2]”2. This result indicates
that the electronic structures of Nd and Ce ions in the ground
states do not have a pronounced change in the entire range
for (Ce;_,Nd,);Al system. Negative Curie temperature, how-
ever, implies possible hybridization of the Ce 4f electrons
with the conduction electrons as well as antiferromagnetic
correlation between Ce moments for Ce-rich samples.

Figure 7 shows the temperature dependence of normal-
ized electrical resistivity p(T)/p(300 K) for both cases with
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FIG. 6. The values of experimentally derived (closed square)
and theoretically calculated (open square) effective magnetic mo-
ments, g, as well as the paramagnetic Curie temperature (open
circle), O, as a function of x in (Ce;_,Nd,);Al
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FIG. 7. Temperature dependence of normalized electrical resis-
tivity p(T)/p(300 K) with increasing and decreasing temperature in
(Ce _,Nd,);Al at the temperature range between 2 and 300 K.

increasing and decreasing temperature between 2 and 300 K.
For the Ces;Al and Ce-rich samples, an obvious hysteresis
can be seen, which is attributed to a crystal phase transition
from hexagonal to monoclinic and these transitions are con-
firmed by low-temperature XRD.?® A change in slope is ob-
served in Nd-rich samples with decreasing temperature, cor-
responding to the magnetic transition temperature, 7, from
PM to FM. The crystal structure transition temperature, T,
decreases rapidly with increasing Nd concentration, and van-
ishes for x>0.35, which is consistent with the temperature
dependence of the crystal structure study.?® There is a clear
upturn in resistivity after structure phase transition. The
high-temperature resistivity (above T or Ts) shows an al-
most linear temperature dependence for all the samples. We
show the low-temperature log 7" dependence of normalized
resistivity for x<<0.30 in Fig. 8. The log T dependence of the
resistivity has the minimum and linear parts, suggesting clear
evidence of the single-impurity Kondo region. The Kondo
effect is only observed in the Ce-rich samples and disappears
rapidly with increasing Nd concentration. The peak at low
temperature is due to the antiferromagnetic order in Ce-rich
samples and possible coherence effect.'”? For Ce-rich
samples we observe the Kondo effect in the resistivity mea-
surement and as will be shown later the system shows large
electronic specific-heat coefficient. These results suggest that
we could expect Fermi-liquid behavior for Ce-rich samples
but at 7=2 K we do not observe the 7> dependence for the
resistivity. In YbCus_,Al, 7% and log(T) dependences were
observed at low and intermediate temperature regions,
respectively.”’ The region where 7> dependence was seen
corresponded to the temperature region below the maximum
temperature (7,,) in x-T curve. In Ce-rich cases of our sys-
tem the Kondo temperature and 7, are the order of a few K
and thus the Fermi-liquid behavior with Kondo lattice forma-
tion may be observable at much lower temperature than a
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FIG. 8. (Color online) Low-temperature log 7 dependence of
normalized resistivity p(7)/p(300 K) at x=0.30 in (Ce;_,Nd,);Al.
Straight lines are guide for the eyes.

few K, which is beyond the measured temperature range.
The temperature dependence of specific heat [C(T)] per
formula unit of (Ce,_,Nd,);Al is shown in Fig. 9. A N-shape
behavior near T for Nd-rich samples and peaks at low tem-
peratures for Ce-rich samples in C(7) are believed to be due
to the magnetic structure transition which is confirmed by the
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FIG. 9. Temperature dependence of specific heat (C) per for-
mula unit in (Ce;_,Nd,);Al T, Ty, and T are structural transition
temperature, Néel temperature, and Curie temperature, respectively.
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TABLE 1. The volume (V), Curie constant (C), Debye temperature (®p), Curie temperature (7), struc-
tural transition temperature (7), and Néel temperature (7y) as a function of x in (Ce;_,Nd,);Al (x
=0-1.0) system. T} is the characteristic temperature obtained by the fitting of Rajan’s curve for J=1/2 (Ref.

25).
1% C o) Tc T Ty T,
x (A3) (emu K/mol) (K) (K) (K) (K) (K)
0 233.62 2.34 171 105 2.9 5.9
0.05 233.06 2.54 170 87 23 23
0.1 232.63 2.67 196 81 1.6
0.15 232.47 2.65 177 60
0.2 232.64 2.87 176 5 445
0.3 231.48 3.01 177 245
0.5 231.83 3.49 137 24
0.7 231.35 4.18 117 45
0.9 230.00 4.43 149 65
1.0 229.60 4.76 157 74

magnetization measurement. There is also an obvious peak
in C(T) around the crystal phase-transition temperature T at
x=0.3. The results of T, Ty. and T, as well as some other
parameters for (Ce;_,Nd,);Al system are summarized in
Table 1.

Medina et al.'® discussed the relation between the unit-
cell volume and Ty in Kondo system (Ce,_La,);AlL
They used the relation for the change in Ty Tk
=T(CesAl)exp({1—exp[q(V=V,)/ Vol}/|pdy). where g, V,
p, and J are a parameter between 6 and 8, volume, density of
state (DOS), and Kondo exchange parameter, respectively.
They showed that |pJ|, decreases as decreasing x. Thus as
increasing La concentration, both the DOS and T decrease.
Ton radius of La** is larger than that of Ce®*. Therefore in-
crease in La concentration corresponds to the increase in the
volume as described before. This may result the decrease in
the Ce c-f hybridization and the Kondo temperature. Thus in
(Ce,_,La,);Al the enhancement of Tk with decreasing Ce
concentration x, corresponding to the volume contraction, is
related to the reduction in 7 due to the competition between
the Kondo effect and RKKY interaction. In (Ce,_,Nd,);Al as
increasing the Nd concentration we observe the decrease in
the volume, but AV is very small, especially in the region
x=0.2, where the Kondo effect is observed. Nd substitution
to Ce site, however, causes the strong decrease in T}, as well
as Ty, may be due to the existence of Nd f electrons, in
contrast to the lack of f electron in La* ions in
(Ce,_,La,)3Al. Thus we cannot apply above equation for
(Ce;_,Nd,);Al system. The reduction in T, and Ty is origi-
nated by the increase in the ferromagnetic local-moment
character with the increase in a small Nd concentration. A
possible scenario is that Nd substitution may cause the nar-
rowing and increase in the DOS and a shift of the Fermi
level as observed in Lu-doped Yb compounds.?®?® This
anomaly due to Nd substitution to Ce site in Ce;Al will be
also discussed in the electronic-structure measurements by
x-ray spectroscopic methods.?®

IV. CONCLUSION

As a summary of the crystal structure, electronic, mag-
netic, and thermodynamic study results, we present the crys-
tal and magnetic phase diagram of the (Ce;_,Nd,);Al system
in Fig. 10. In (Ce;_,Nd,);Al we could observe the phase
transition clearly from the Kondo system to magnetic or-
dered state. The crystal phase transition is confirmed for x
=0.35 similar to that of Ce;Al, and the transition tempera-
ture decreases with increasing x. Ce rich and Ce;Al show
antiferromagnetic phase transition, and 7 decreases with in-
creasing x. Nd;Al and Nd-rich samples are ferromagnetic
and the Curie temperature T increases gradually with in-
creasing x at x=0.2. The resistivity measurement shows the
evidence of the Kondo effect for Ce-rich samples. The order
of the estimated characteristic temperatures from the fit with
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FIG. 10. (Color online) Phase diagram of (Ce;_,Nd,);Al sys-
tem. T (closed circle), T (closed triangle), Ty (open circle), and T,
(star) correspond to magnetic transition temperature from paramag-
net to ferromagnet, structural transition temperature, Néel tempera-
ture, and characteristic temperature obtained by the fitting of Ra-
jan’s curve, respectively.
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the solution of the Cogblin-Schrieffer decreases rapidly with
increasing Nd concentration as well as the Neél temperature.
In CesAl as decreasing the temperature the Kondo effect is
dominant after the structural transition and magnetic phase
transition from PM to FM occurs. A small Nd substitution to
Ce site dilutes the Kondo effect strongly and around x
~0.2 the Kondo effect disappears. At low temperature x
~0.2 is the critical point of the two competing interactions
of ferromagnetic ordered state and Kondo effect and x
~0.1 may be the point where the AFM order disappears.
Interestingly the structural transition temperature 7'y cross-
overs with the magnetic transition temperature 7 around x

PHYSICAL REVIEW B 80, 134429 (2009)

=0.35 at low temperature, showing that the structural transi-
tion is less effective on the electronic state in this tempera-
ture and x ranges. In contrast to the result for (Ce,_,La,);Al,
our measurements for (Ce;_,Nd,);Al show that the Kondo
temperature increases with the slight increase in the volume,
indicating anomaly due to the Nd content.
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