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Kondo systems CesPd1−xMxd2Al3 (M =Cu or Ag) have been previously shown to display antiferromagnetic
(AFM) or ferromagnetic(FM) ordering alternatively then produce a complex phase diagram of AFM-FM-AFM
type depending on the substitution amountx. This paper reports the results of specific heatCsTd until high
temperaturessTø150 Kd for the above systems. A Schottky peak is observed for all the samples in the
magnetic contributions to specific heat,CmagsTd, while deviating from a typical one on substitution. Unusual
Schottky peaks that spread over a very wide temperature range with considerably small values can be con-
firmed at least aroundx=0.2–0.3 where FM ordering just occurs. The unusual Schottky peaks are phenom-
enologically associated with randomness in the crystal electric field induced by the Pd-M replacements, and the
randomness is discussed as a probable origin of the AFM-FM transition. In addition, a comparison between the
present systems and the relevant AFM-FM transition system CePd2sAl1−xGaxd3 suggests that the mechanism
for the FM ordering is different in the two cases.
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I. INTRODUCTION

Investigations on rare-earth based ternary metallic com-
pounds of the hexagonal PrNi2Al3-type have been of particu-
lar interest since the discovery of two well-known heavy
fermion superconductors, UPd2Al3 and UNi2Al3,

1,2 focused
on the diverse strongly correlated electronic effects including
the Kondo effect, the Ruderman–Kittel–Kasuya–Yosida
(RKKY ) interaction and the crystal electric-field(CEF) split-
ting effect. In this crystal structure, Pr and Ni occupy the
same basal planes that alternate with Al layers along thec
axis. The discovery of CePd2Al3 (see Ref. 3), which shows
antiferromagnetic(AFM) ordering atTN=2.8 K and elec-
tronic specific-heat coefficientg,380 J/mol K2, greatly
supplements this family. Its magnetic structure has been de-
termined by neutron diffraction measurements to be a type of
ferromagnetic(FM) basal plane that is stacked antiferromag-
netically along thec axis.4

So far, replacements of Pd atoms in CePd2Al3 with iso-
electronic or nonisoelectronic transition metals while holding
the crystal structure have shown diversely changed ground
states. Among these, introducing isoelectronic atoms Ni
yields a nonmagnetic ground state due to the volume effect
on the hybridization between conduction and 4f electrons,5,6

in good agreement with the hydrostatic pressure
experiments.7 While introducing nonisoelectronic atoms Cu
(or Ag) gives rise to a complex phase diagram of AFM-FM-
AFM type depending on the substitution amountx, and a
decreasing tendency of Kondo temperatureTK.8,9 Equally,
substitutions with electronically different atoms drive
magnetic-structure transitions in other systems as well, e.g.,
in CeNi1−xCux

10 and CesPd1−xCuxd2Si2.
11 This phenomenon

is generally attributed to the electronic change therein in-
duced, but the physical mechanisms in detail are diverse and
still controversial.

On the other hand, surprisingly, a homologous compound
CePd2Ga3 with Al replaced by isoelectronic Ga, was re-
ported to exhibit FM ordering belowTC.6 K.12,13 For
CePd2Ga3, similarity to CePd2Al3 was found both in the
CEF-derived energy scheme of Ce3+ and the magnetic
anisotropy.12,13 Based on comparative studies on the two
compounds and their substitutional system
CePd2sAl1−xGaxd3,

14 the variation of the lattice parameterc
with respect toa was suggested as the origin of the AFM-FM
transition.15 What supports this suggestion can be obtained
from magnetic multilayers, where thickness-dependent oscil-
latory coupling (AFM or FM) between FM layers separ-
ated by a nonmagnetic metal spacer has been understood
in the framework of the RKKY interaction,16 consid-
ering the strong crystallographic resemblance between
CePd2sAl1−xGaxd3 and multilayers. Therefore, we believe the
RKKY interaction serves as a basic interpretation on mag-
netic evolutions in rare-earth based compounds, with the ex-
change coupling oscillating with respect to the productkFR,
wherekF denotes the Fermi wave number andR the distance
between magnetic ions in question.17 The parameterR seems
dominant in determining the magnetic structure of
CePd2sAl1−xGaxd3 as well as magnetic multilayers.

Situations in the present systems are apparently different
from CePd2sAl1−xGaxd3. This can be easily understood be-
cause of not only the electronic change in the present sys-
tems, but also the fact that closely similar phase diagrams
were obtained forM =Cu and Ag in spite of their opposite
evolutions onc/a. These evidences strongly imply that a
second effect related to the electronic change might exist,
dominating the magnetic evolution in CesPd1−xMxd2Al3 (M
=Cu or Ag).

Up to now, there are several descriptions apart from the
oscillatory properties of the RKKY interaction attempting to
interpret the magnetic-structure transition induced by elec-
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tronic change. For example, an extra FM interaction propor-
tional to the density of states at the Fermi level is taken into
account in addition to the proper RKKY interaction by Her-
nando et al.,18 thus modification on the Fermi level may
drive an AFM-FM transition. Studying the AFM-FM transi-
tion in Tb1−xYxNiAl and TbNi1−xCuxAl, Ehlerset al. suggest
a possible contribution from another indirect magnetic ex-
change coupling mechanism,19 i.e., the one proposed by
Campbell in the 1970’s20 and known to be parallel to the
RKKY interaction to explain the magnetic ordering in rare
earths. Additionally, Sereni, Beaurepaire, and Kappler specu-
late that the FM-AFM transition in CePd1−xAgx is due to the
variation of the charge screening at the nonmagnetic sites.21

This paper is primarily stimulated by the observations of
severe changes in magnetic anisotropy in the systems show-
ing magnetic-structure transitions. Since the CEF effect is
one of the effective factors in determining a magnetic struc-
ture and considerable information on it can be obtained from
Cmag conveniently, we measured the specific heat until high
temperatures for CesPd1−xMxd2Al3 (M =Cu or Ag). To our
surprise, the typical Schottky peak confirmed forx=0 is
found unusual with replacements, especially around the in-
termediate concentrations ofx where FM ordering emerges.
This observation is discussed in the light of probable rela-
tionships among the unusual Schottky peaks, randomness in
CEF and AFM-FM transitions.

The magnetic phase diagram of CesPd1−xCuxd2Al3 is ex-
tracted from our previous report8 and is shown Fig. 1, where
magnetic ordering temperature is plotted as a function of Cu
concentrationx. We can see immediately that an AFM re-
gion, then a ferromagnetic-like(FML) region, and at last a
second AFM region emerges alternatively according tox. In
fact, the FML state has been identified as ferromagnetic by
well-defined hysteresis loop in magnetization experiments
down toT,0.5 K (not shown here). Similar phase diagram
was obtained for the analogous CesPd1−xAgxd2Al3 system as
well, on which a paper is in progress.9 Entropy analysis
proved that the ferromagnetism originates from the local mo-

ments of Ce3+ under CEF, the same as the antiferromag-
netism. At high temperatures above 100 K, the effective
magnetic momentmeff has a value of free Ce3+ with J=5/2
for the samples in the whole range of substitution.8,9

II. EXPERIMENTAL DETAILS

Polycrystalline samples CesPd1−xMxd2Al3 (M =Cu or Ag)
and selected La counterparts LasPd1−xMxd2Al3 (x=0.0, 0.2,
0.4, and 0.6) were synthesized by arc melting the constituent
elements and then annealing properly.8,9 The well-defined
single PrNi2Al3-type phase was found to extend tox=0.7
and tox=0.6 for M =Cu and Ag systems, respectively. The
lattice parameters were determined by x-ray diffraction pat-
terns on the powdered samples.

Specific heat measurements were performed by the relax-
ation technique, using a commercial physical properties mea-
surement system(PPMS) (Quantum Design, Ltd.) with
samples ranging from 20 to 50 mg. Samples were glued to
the sample puck using Apiezon N grease to ensure good
thermal contact, and the addenda(puck and grease) was mea-
sured just before each sample was studied. Part of the
samples was measured down to,0.5 K with a quasiadia-
batic method in an Oxford dilution refrigerator.Cmag was
obtained by subtracting specific heat of a La counterpart as
the lattice contribution from that of the corresponding Ce
compound. For samples lacking a prepared La counterpart,
the lattice contribution was estimated by scaling specific heat
of other La compounds withx.

Prior to measurements on the samples, systematic errors
in PPMS were analyzed by determining the specific heat of a
copper sample(25.4 mg, purity 99.999%, without vacuum
anneal) and comparing it with the well accepted values.22

The results are shown in Fig. 2 for temperatures lower than
200 K, where the deviation appears as a plain curve without
much scatter. The deviation is very small lower than 0.5%
(typically 0.2% –0.3%) in the temperature range 60–300 K.
Below 60 K, it grows rapidly with decreasing temperature,
reaching 1% at,30 K and presenting a strange maximum
over 5% around 7 K. Likewise, performance of PPMS on
specific heat measurements has been examined by Lashleyet

FIG. 1. Magnetic phase diagram of CesPd1−xCuxd2Al3. Closed
circles, open circles and squares denote the magnetic transition tem-
peratures determined by C,x andr peaks, respectively(see Ref. 8).

FIG. 2. Deviation in percentage of the present copper specific
heat measured on the PPMS to that of the previous reports by Mar-
tin (see Ref. 22).
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al.,23 and our results resemble theirs strongly. The enhanced
deviation at low temperatures was attributed to the difference
in temperature scales and addenda errors by Lashleyet al.
and may partially come from the dissolved gas in pure cop-
per sample.24 Besides, one more uncertainty arises from
mass measurements on a balance of 0.1 mg accuracy that we
used. Attention was paid to minimize this uncertainty by av-
eraging measurements up to ten times. Such a deviation in
mass would lead to a regular and analyzable departure in
specific heat, altering theCmag peaks mainly on the height
(e.g., within a magnitude of ±0.3 J/mol K around 50 K),
while leaving the width, which is emphasized in this paper,
almost unchanged.

The abovementioned accuracy is tolerable for our discus-
sion limited toTø150 K considering the following matters:
(1) the curve in Fig. 2 means an absolute deviation lower
than 0.4 J/mol K (typically 0.2–0.3 J/mol K) for the
samples in study over the temperature rangeTø150 K, and
the enhanced deviation at low temperatures does not drive
large absolute deviation because of the small specific heat
thereat;(2) deviation of the same type is anticipated for both
Ce and La compounds especially at low temperatures, in
view of the regularity of the deviation derived by tempera-
ture scale, thus it may be partially cancelled in extracting
Cmag; (3) little scatter is observed in the deviation curve;(4)
reproducibilities were confirmed to be excellent by repeated
measurements on our samples.

III. RESULTS AND ANALYSIS

In CesPd1−xMxd2Al3, the evolution of the unit-cell volume
with x is opposite forM =Cu and Ag; Cu atoms reduce it and
in contrast Ag atoms enlarge it. These trends are shown in
Fig. 3(a). The ratio of the lattice parameters,c/a, which is a
crucial parameter for the hexagonal structure, is also shown
for the two cases in Fig. 3(b). Similar to the evolution of the
unit-cell volume,c/a decreases whenM =Cu and increases
whenM =Ag.

Showing the lattice volumeV and thec/a as a function of
x is intended as a comparison not only between the present
two systems ofM =Cu and Ag, but also between the present
systems and the previously studied CePd2sAl1−xGaxd3. In the
latter case,c/a increases whileV decreases with introducing
Ga atoms into Al sites. This character in lattice is believed to
be responsible for the magnetic-structure transition via the
RKKY interaction.15 Here, one should notice a substantial
distinction between CesPd1−xMxd2Al3 and CePd2sAl1−xGaxd3,
that is, the former changes the details in the Ce-contained
basal planes while the latter modifies the Al layers.

In order to confirm thex-dependently systematic variation
in total specific heat, in Fig. 4(a) we present theCsTd curves
for CesPd1−xCuxd2Al3 for several equal-interval concentra-
tions (x=0.0, 0.2, 0.4, and 0.6), along with two curves for
LasPd1−xCuxd2Al3 (x=0.0 and 0.6). It is for clarity that only
part of our results are shown here. Apparently, magnetic con-
tributions account for the majority of total specific heat be-
low 10 K and a considerable part of it below about 30 K for
all the Ce compounds. In higher temperatures close to
150 K, the change ofCsTd induced by substitution is very

weak. Nevertheless, systematic variation can be confirmed,
as shown in the inset of Fig. 4(a), whereC diminishes gradu-
ally with increasingx for both Ce and La compounds. Like-
wise, the system ofM =Ag shares the same descriptions
given above.

Figure 4(b) displays theC/T vs T2 curves for the low
temperature range ofT,8 K for LasPd1−xMxd2Al3. All the
curves behave linearly according to the expressionCsTd
=gT+bT3, whereg represents electronic specific-heat coef-
ficient andb=12p4/5 RvuD

−3 (R being the gas constant,v the
number of atoms per formula unit anduD Debye tempera-
ture). Table I summarizes theg and uD values obtained by
least-squares fits for all the La compounds. Noteworthily, the
Debye temperatureuD increases withx when M =Cu and
decreases whenM =Ag, reflecting the opposite changes in
atom weights of Cu and Ag compared to Pd. On the other
hand,g decreases withx alike for both cases, indicative of a
reduction of density of states at the Fermi level for conduc-
tion band. This is in accordance with the equivalent elec-
tronic structure of Cu and Ag atoms.

FIG. 3. Evolution of(a) the unit-cell volume and(b) the ratio of
lattice parameters,c/a, as a function of substitution amountx for
CesPd1−xMxd2Al3 (M =Cu or Ag). The lines serve as a guide for
eyes.
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Figure 5 displays sevenCmagsTd curves with equalx in-
terval s0øxø0.6d for CesPd1−xCuxd2Al3. A close-up for the
low temperature region ofTø4 K is attached to illustrate the
evolution of the magnetic orderings, as has been shown as a
phase diagram in Fig. 1.

The sixfold degenerate multiplet of Ce3+ splits into three
doublets in the CEF potential of hexagonal symmetry, then
producing Schottky peak in specific heat due to thermal ex-
citations among different energy levels. This explains the
peaks appearing at high temperatures in this system. Upon
developing x, three outstanding features can be noticed
within the tolerance of the specified uncertainties to charac-
terize the evolution of the Schottky peak. First, the peak
temperature grows up successively with increasingx till x
=0.4, then saturates approximately to a certain value tillx
=0.6. Second, with increasingx the maximum value of the
peak decreases initially in the range 0øxø0.2, then in-

creases tillx=0.6. Third, in the intermediatex region includ-
ing x=0.2 and 0.3, unusual Schottky peaks heavily broad-
ened and deduced are exhibited. This behavior should be
compared with the typical Schottky peak inx=0.0 and the
relatively broadened but enhanced one inx=0.6.

The temperatureTmax and the maximum valueCmax of
each Schottky peak were taken from Fig. 5, and are shown in
Fig. 6 as a function ofx. Shown in this figure are also those
values for the equivalent system ofM =Ag, whose specific
heat would appear later in Fig. 8. Anomalous features in Fig.
6 are a valley inCmag vs x curves and a relatively rapid
growing of Tmax aroundx=0.2–0.3.

Figure 7 highlights the CmagsTd curves for
CesPd1−xCuxd2Al3 with x=0.0, 0.2, and 0.6 that each repre-
sents a magnetically different region. Calculations based on
the CEF-derived energy scheme of Ce3+ are performed to fit
the data ofx=0.0 and 0.6, but not the data ofx=0.2. The
reason is that forx=0.2, the large width and the lower values

TABLE I. The electrical specific-heat coefficientg and Debye
temperatureuD for LasPd1−xMxd2Al3 (M =Cu or Ag) with x=0.0,
0.2, 0.4, and 0.6.

Compound g fmJ/mol K2g uD fKg

LaPd2Al3 9.7 369

LasPd0.8Cu0.2d2Al3 8.1 373

LasPd0.6Cu0.4d2Al3 6.9 389

LasPd0.4Cu0.6d2Al3 5.4 394

LasPd0.8Ag0.2d2Al3 7.7 364

LasPd0.6Ag0.4d2Al3 6.5 362

LasPd0.4Ag0.6d2Al3 5.6 357

FIG. 4. (a) Total specific heatC as a function of temperature for
several samples of CesPd1−xCuxd2Al3 with x=0.0, 0.2, 0.4, and 0.6.
Both the horizontal and vertical axes are in a log scale. The solid
and broken curves representCsTd of LasPd1−xCuxd2Al3 with x
=0.0 and 0.6, respectively. The inset gives a close-up of the high
temperature region in linear scales.(b) C/T vs T2 curves for
samples of LasPd1−xCuxd2Al3 with x=0.0, 0.2, 0.4, and 0.6, along
with same curves for LasPd1−xAgxd2Al3 shown in the inset.

FIG. 5. Magnetic contribution to specific heat,Cmag, as a func-
tion of temperature for CesPd1−xCuxd2Al3 with x=0.0, 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6. The inset gives a close-up for low temperatures to
illustrate the evolution of magnetic ordering.
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of the peak deviate itself far away from a typical Schottky
type belonging to Ce3+. The competition between the Kondo
and CEF effects can reduce a Schottky peak but cannot
broaden it so heavily.25 Rather, it is not exaggerative to say
that not a clear Schottky peak is established forx=0.2.

Fitting the data ofx=0.0 we obtainn1=33 K and n2
=500 K, in agreement with the previously reported energy
scheme that includes a ground doubletG7= u±1/2l and two
excited doubletsG9= u±3/2l at 33 K, G8= u±5/2l over
600 K.26 Somewhat higher peak in the fit curve can be ex-
plained by the moment reduction due to the Kondo effect of
TK =19 K in this compound. Discrepancy inn2 is tolerable
in view of the differences in estimation procedures and sys-
tematic errors. Forx=0.6, the peak grows up and seems per-
fect compared with that ofx=0.2 and 0.3, however, the fit is
rather tentative and qualitative still. Considering that the en-
tropy achieved at 150 K exceeds the amount arising from a

pair of doubletssR ln 4d to a large degree(see Fig. 9), we
propose an energy scheme withn1.n2.130 K to fit the
peak, which gives a reasonable position but much enhanced
values. Apart from the Kondo effect, the same mechanism
broadening and lowering the peak inx=0.2 should also be
considered forx=0.6.

Figure 8 showsCmagsTd curves for CesPd1−xAgxd2Al3 for
four typical samples withx=0.0, 0.2, 0.4, and 0.6. These
curves resemble their respective counterpart inM =Cu sys-
tem strikingly, with unusual Schottky peaks appearing in the
intermediate region ofx. Thus the two systems should share
the same descriptions given above for Figs. 5–7.

Magnetic entropy curvesSmagsTd are obtained by numeri-
cal integration ofCmag/T with respect toT and are shown in
Fig. 9 for CesPd1−xCuxd2Al3. In Table II, the experimental

FIG. 6. The temperature,Tmax, and the maximum value,Cmax,
of the Schottky peaks as a function ofx for M =Cu system(circles)
and M =Ag system(crosses) of CesPd1−xMxd2Al3. The lines serve
as a guide for eyes.

FIG. 7. Three selectedCmagsTd curves for CesPd1−xCuxd2Al3

with x=0.0, 0.2, and 0.6. The lines represent theoretical calculations
using the energy schemen1=33 K, n2=500 K for x=0.0 andn1

=n2=130 K for x=0.6.

FIG. 8. Magnetic contribution to specific heat,Cmag, as a func-
tion of temperature for CesPd1−xAgxd2Al3 with x=0.0, 0.2, 0.4, and
0.6.

FIG. 9. Magnetic entropySmag derived from numerical integra-
tion of Cmag/T with respect toT, as a function of temperature for
CesPd1−xCuxd2Al3.
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minimum temperatures in our measurements,Tini, the initial
entropy atTini estimated by an extrapolation method,SmagL,
and the entropy amounted to at 150 K,SmagH, are tabulated.
Measurement errors may bring about considerable uncer-
tainty to SmagH up to ±1 J/mol K since it represents an inte-
gral number over a large temperature range, thus a precise
analysis onSmagsTd is not allowable. However, an increasing
trend ofSmagHwith x is rather clear in the accuracy limit. For
x=0.0 and 0.1,Smag is lower considerably thanR ln 4 of the
freedom from the lower-lying pair of doublets, then is en-
hanced by furtheringx. For x=0.6, theSmag is approaching
R ln 6 at 150 K, indicating that the six 4f states should be
involved with the large Schottky peak. This inference is not
contradictory with the fitting results shown in Fig. 7. Equally,
enhancement ofSmagH with x is also observed for theM
=Ag system.

IV. DISCUSSION AND SUMMARY

An important finding in our experimental results is the
occurrence of unusual Schottky peaks, particularly around
x=0.2–0.3 in CesPd1−xMxd2Al3 (M =Cu or Ag). These
anomalies cannot be understood in the light of the competi-
tion between the Kondo and CEF effects, with theTK de-
creasing upon increasingx.8 According to the point charge
CEF model, theJ=5/2 multiplet of Ce3+ is split into three
Kramers doublets of pure eigenstate in a hexagonal point-
symmetry potential. These areu±1/2l, u±3/2l and u±5/2l, as
has been seen in CePd2Al3. The three pure eigenstates should
persist even in the process of substitution as long as the point
symmetry holds on. Thus only one matter remains, that is the
rearrangement of the three pure eigenstates in the new en-
ergy scheme. However, our experimental results deviate ap-
parently from this description.

The very broad and lower Schottky peaks aroundx
=0.2–0.3 suggest a probability of Cu/Ag-induced random-
ness to CEF. As known, Pd atom is hole-like and Cu(or Ag)
atom electron-like in view of their respective electronic
structures. In the replacements, Cu(or Ag) atoms occupy the
Pd sites(2c) randomly. The 4d shells of Pd ions may accept
the valence electrons of Ce or Al atoms, becoming electri-
cally neutral and nonmagnetic in the compounds, while the
3d (or 4d) shells of the Cu(or Ag) ions are already com-
pletely filled. Consequently, Pd and Cu(or Ag) ions are elec-

trically different in the compounds. Taking this point into
account, one can find immediately that unavoidable random-
ness in the distribution of Pd and Cu(or Ag) atoms would
bring about randomness to CEF, even through the sample is
macroscopically homogeneous. On the other hand, the
Ce–Pd distance is even shorter than the Ce–Ce distance in
CePd2Al3, thus the importance of the Ce–Pd ligand is fur-
thermore anticipated in determining the Ce properties. We
believe this randomness in CEF accounts for the unusual
Schottky peaks in the present systems, and represents a com-
mon feature in substitutional systems of electronic change.
For example, randomness in CEF was also noticed for
CeNi1−xCux.

27

Consistent evidence would be found in our recent mag-
netic susceptibility results on the single crystals including
CePd2Al3 and CesPd0.8M0.2d2Al3 (M =Cu or Ag), as shown
in Fig. 10.28 In comparison to CePd2Al3 that has in-plane
magnetic moments, weakened and reversed magnetic aniso-
tropy is found in the latter two FM compounds with easy
direction of magnetization along thec axis. Fitting the data
of CePd2Al3 by the point charge CEF model, we obtained a
reasonable energy scheme ofn1.40 K and n2.320 K,
while fits to the FM compounds failed to give plausible re-
sults. Nevertheless, in the CEF model such a reverse of mag-
netic anisotropy means at least a change of the sign of the
dominating CEF parameterB2

0 and a replacement of the
ground levelu±1/2l. A consequent overturn between energy
levels would cause a quartet ground state at a certain amount
of substitution, however, it was not detected by our experi-
ments including specific heat. Therefore, the abovemen-
tioned facts support the inference of Cu/Ag-induced ran-
domness in CEF, in which the notion of three pure
eigenstates collapses.

The importance of CEF in determining magnetic structure
is demonstrated here by giving PrNi5−xCux, in which both

TABLE II. The experimental minimum temperature,Tini, the
estimated initial value of entropy,SmagL, and the entropy amounted
to at 150 K,SmagH, are tabulated for CesPd1−xCuxd2Al3.

x Tini sKd SmagL s J/mol Kd SmagH s J/mol Kd

0.0 1.82 1.1 10.0

0.1 0.67 1.1 10.1

0.2 0.66 1.0 11.5

0.3 0.64 0.6 11.4

0.4 0.55 0.8 12.4

0.5 1.42 2.8 12.8

0.6 1.44 2.4 14.0

FIG. 10. Inverse magnetic susceptibilityx−1sTd measured in an
applied field 1 T for CePd2Al3 and 0.1 T for CesPd0.8M0.2d2Al3

(M =Cu or Ag). The labels SC1, SC2, and SC3 denote the
CePd2Al3, 20% Cu and 20% Ag substituted single crystals, respec-
tively. The two solid lines are CEF calculations for CePd2Al3 with
CEF parametersB2

0=18.6K, B4
0=0.24 K and molecular-field con-

stantslH'c=lHic=15 mol/emu(Ref. 28).
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PrNi5 and PrCu5 are nonmagnetic with a CEF-derived singlet
ground state.29 Surprisingly, FM ordering was observed in
PrNi5−xCux for 0.9øxø2.6, whose mechanism was at first
attributed to the enhancement of 3d band susceptibility
which in turn enhances the exchange interaction among Pr
ions.29 However, taking PrNi3.9Cu0.1 as an example, Liuet al.
argue by theoretical calculations that the origin of the FM
ordering results from a mixing of excited CEF levels with
ground state.30 This mixing arises from the distorted CEF
induced by substituting Cu for Ni atoms. One difference be-
tween PrNi5−xCux and CesPd1−xMxd2Al3 is that Ni and Cu
ions have respective preferable sites(3g for Ni and 2c for
Cu) in the former system while replacements are random in
the latter, hence distortion and randomness happen to CEF
for the two cases, respectively. The randomness in CEF pre-
vents one from estimating the specific eigenstates for the
present systems. However, associating the facts that the in-
plane exchange coupling is FM at low temperatures showing
strong anisotropy for CePd2Al3, we speculate that the change
in CEF may break the unique AFM structure and may lead to
the AFM-FM transition.

Questions then arise, whether we can say samples with
higherx (such as,x=0.6) are diminishing the randomness in
CEF because they are shifting their Schottky peaks to a typi-
cal one of point charge CEF, and why do they not order
ferromagnetically like the intermediate region. Clarifying
these queries is very difficult at the moment, while two
points of view are definite and useful in the understanding of
them. First, although analysis on Schottky peak is a conve-
nient method to investigate CEF with an energy scheme, it
provides no information on the knowledge of state functions.
Thus, other investigations, preferably on single crystals, are
necessary to study the randomness in CEF for higherx re-
gion. Second, the exchange interaction of the RKKY type
would be changed gradually by introducing Cu(or Ag) at-
oms to Pd sites and modifyingkF. This is known as a normal

evolution of the RKKY interaction, and is able to drive a
magnetic-structure transition. So, it is insufficient to take
only the randomness in CEF into account for the higherx
region.

It is of particular interest to make a comparison between
CesPd1−xMxd2Al3 (M =Cu or Ag) and CePd2sAl1−xGaxd3 with
respect to the substitutional effects on the magnetic struc-
tures. Elastic neutron scattering experiments show that the
ground state keeps unchanged in the latter system when Al
atoms are replaced by iso-electronic Ga atoms.12,13,26 Fur-
thermore, the energy scheme and the magnetic anisotropy are
also very alike for both the Al and Ga ends. All these parallel
properties in CePd2sAl1−xGaxd3 are easy to be concerned with
the iso-electronic structures of Al and Ga atoms. Conse-
quently, it is reasonable to propose that the difference in
atomic radius serves as an intrinsic origin in the magnetic-
structure transition in CePd2sAl1−xGaxd3, by changingc/a.15

This description is acceptable in the framework of the
RKKY interaction. However, in CesPd1−xMxd2Al3 (M =Cu or
Ag), it is not the lattice variation but the electronic change
that dominates the magnetic evolution.

To summarize, we observed identical evolutions of
Schottky peaks in the Kondo systems CesPd1−xMxd2Al3 with
M being Cu and Ag atoms. Unusual Schottky peaks that are
much lower and broad were found aroundx=0.2–0.3, which
reminds us of the occurrence of FM orderings in this region,
thus their relationship is discussed. The randomness in CEF
potential, which originates from the random distribution of
Cu (or Ag) atoms, is speculated to drive the unusual
Schottky peaks, and lead to the AFM-FM transition. A com-
parison between the present systems and CePd2sAl1−xGaxd3

suggests different mechanisms for the magnetic-structure
transitions in the two cases. Theoretical analyses in terms of
CEF on the magnetic phase diagrams of the present systems
are greatly desirable.
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