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Abstract

Crystal structure and physical properties have been studied in the solid solution
CeRh; _,Pd,By 5 (x=0,0.5, 1.2, 1.5, 1.7, 2.5, 3) in as-cast state by x-ray powder
diffraction and scanning and high-resolution electron microscopy, as well as by
low-temperature measurements of the magnetic susceptibility and specific heat.
X-ray powder patterns of the alloys were indexed on the basis of a cubic pri-
mitive AuCuj lattice throughout the entire solution showing a monotonous
increase in three regimes. For 0 <x< 1.5, the volume increase corresponds
merely to the substitution of Rh by Pd atoms, the sizes of which are rather close.
In this regime the tetravalent character of cerium is unaffected. For x> 1.5, the
lattice expansion becomes enhanced and is thus attributed to a gradual valence
change of the Ce atoms (an intermediate valence regime). Finally, for x>?2.4, the
system shows a predominant trivalent behavior. In this region, the specific heat
coefficient reaches a value of 4.4 J mol™' K?, two orders of magnitude larger
than that in the Rh-rich border. Selected area electron diffraction patterns of the
CeRh;_,Pd,Bys compounds revealed the appearance of %2 Y2 Va-type super-
structures and satellite reflections with respect to the parent AuCuj structure.
Whereas the Y2 ¥2 Y2-type superstructure is confined to the Rh-rich part of the
solid solution, satellite reflections are observed throughout the solid solution and
hint towards the existence of a domain structure enclosed by anti-phase
boundaries.
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1. Introduction

A significant effort has been made during the last decades to study the rich variety of physical
properties of the CeTM; family of compounds (where TM =Rh and Pd) and related systems
like CeRhs_,Pd, [1, 2]. Its simple cubic primitive AuCu; structure (defect perovskite) provides
the possibility of incorporating light interstitial elements like B (in CePd;B, [3-7], CeRh3B,
[3, 7, 8]), C (in CeRh3C, _, [9, 10]), small amounts of Be (in CePds;Be, [5, 11]) and Si (in
CePd;Siy [5, 7).

One of the most interesting properties of these alloys is the possibility of studying, within a
continuous alloy series, the electronic transition of Ce from its Ce** configuration to the Ce™*
one.

It is well known that crystal and electronic structures are intimately related, and the study
of one of them has to be complemented by the knowledge of the other. Magnetic properties
were preferably used to identify the electronic characteristics of materials, particularly for
systems containing rare earth elements, able to adapt their electronic configuration to the
volume (V,,) available within the crystal structure and consequently their valence (Z). Among
such elements, cerium is known to adjust the occupation of its 4f ' orbital to the surrounding
chemical potential (u) through its local Z/V,, ratio modification. Concomitantly, the electronic
configuration of Ce varies between a magnetic state (at 4f ' full occupation) and a non-magnetic
state (for a 4f ' =" partial occupation). Consequently, these Ce-based compounds provide the
unique possibility of tuning the Z/V,, ratio by changing y or, inversely, to trace the variation of
u by measuring V,,. Indeed, for the alloy series CeRh;_,Pd, and CeAgs_,Pd, [2] a transition
from the Ce** regime (Rh-rich) to the Ce* regime (Pd-rich) has already been monitored [12].

In order to better understand the aim of this work, a brief overview of the properties of the
family of CeTM;3B, compounds related to this work is given in the following.

CePd;3B,: The valence of Ce in CePd;B, was found to increase in the concentration range
y<0.4 as the lattice volume increases with rising B content [3, 4, 6, 7]; it saturates at y ~ 0.4
once the Ce trivalent state is reached. Coincidentally, the lattice parameter also stops growing
(see figure 1). Accordingly, low-temperature properties show that magnetic interactions develop
some short-range order that increases in intensity up to y=0.35 [4]. Unexpectedly, for y>0.4
the specific heat anomaly related to those short-range correlations smears out and transforms
into a continuous increase of C,/T as temperature decreases [5]. The strengthening of
magnetism observed for CePd;B, at y~0.25 was backed by specific-heat measurements
[4, 13, 14]. X-ray photoemission, Bremsstrahlungs—Isochromat and electron energy-loss
spectroscopy [15] revealed a 4f" occupation varying from ny~ 0.9 in CePd; to ny~ 1 in CePd;B
at 90 K and an almost constant hybridization of f-electrons with conduction electrons
(A=150£20 meV).

Phase equilibria studies in the system Ce-Pd-B at 850 °C [16] defined the extension of the
homogeneity range of CePd;B, for 0 <y <0.65 at 850 °C, limiting the boron incorporation to
13 atomic % B [16]. Alloys with y <0.15 behave as a Kondo lattice, whereas the behavior for
y >0.2 becomes completely different, tracking the valence change of Ce. Concerning transport
properties, CePd; ranks among the materials with the highest Seebeck coefficients
(110-120 uV K! around 150 K) amid correlated thermoelectric systems [17, 18]. Boron
incorporation leads to a strong decrease of the Seebeck coefficient (~40 'V K™' around 150 K
for CePd;By ;) [17, 18], but also to a large drop of the phonon thermal conductivity, attributed
to the rattling modes of the loosely bonded B atoms [17].
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Figure 1. Lattice parameter vs Pd content x and B content y for CeRh;_,Pd,B,.

The observed disappearance of magnetic correlations for y>0.4 is an open question,
tentatively attributed to atomic disorder produced by the random distribution of interstitial B
atoms.

CeRh3By: Lattice parameters as a function of the incorporation of boron in CeRh; were
found to increase almost linearly with increasing boron content [7, 19], whereas the magnetic
susceptibility of CeRhj is almost temperature independent down to 50 K [1, 7], consistent with
Pauli-paramagnetic behavior and suggesting a tetravalent state of Ce [7]. Correspondingly, the
valence of cerium changes from Ce* in CeRh; [1, 7] to a mixed valency in CeRh3B [7, 10].
The lattice parameters of CeRh;B, determined by Takei et al [20] in as-cast state and after
annealing at 1400 °C, exhibit a difference probably due to slightly different atomic
arrangement. Shishido et al [19] observed an anomalous drop of the Vickers hardness around
y=0.444. An electron diffraction (ED) and high-resolution electron microscopy (HRTEM)
study of the crystal structure of CeRh3;B 5 by Yubuta er al [8] revealed V2 V2 V2-type superlattice
reflections and fine satellite reflections around all reflections. The new superstructure is formed
by an ordered arrangement of B atoms and is modulated by the appearance of fine domains with
an average size of ~3 nm [8]. The authors suggested that the weakness of chemical bonding
strength in the boundaries between the fine domains causes the anomalous decrease of hardness
in the region of the new structure [21]. Ab initio calculations of the atomic and electronic
structure and the elastic properties of CeRh3;B, revealed (i) a strong covalent bonding between
boron 2p and Rh 4d electrons, (ii) the Fermi level in a pseudogap and (iii) a significant f-d
hybridization [22].

CeRh;_,Pd,B,: Measurements of magnetic susceptibility and lattice parameters for the
CeRh; _,Pd, alloy [1, 23] indicated Ce to be in the tetravalent state for the composition range
0<x<2.4, whereas with increasing x the effective valency decreases to intermediate valence
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values at CePd; [1]. Consistently, Ly x-ray absorption edge measurements revealed an increase
in the valence of Ce between CePd; and CeRh;,Pd, g, but a constant value for higher Rh
contents [24]. From temperature-dependent resistivity and Ce-L;-valence-state measurements,
Perez and coworkers [3] concluded that the solid solution CeRh;_,Pd,B passes continuously
from a Kondo local-moment regime (0 <x<0.6) to a mixed valent regime (0.6 <x<2.1) and
further to a saturated valence regime (2.1 <x<3).

The purpose of this work is an attempt to expand the AuCus lattice of CeRh;_ (Pdy alloys
by Boron addition in order to tune the electronic configuration from 4f° towards 4f'. Such a
transformation cannot be completed by a simple Rh/Pd substitution because CePd; is in an
intermediate valence state. By adding more conduction electrons to the band (e.g., by a Pd/Ag
substitution), the Ce valence variation can be driven up to the Ce** configuration. Boron
incorporation, however, promotes a shift of the Rh/Pd electronic substitution effect to lower the
Rh content because of the B-driven lattice expansion. Once tuned at the proper B concentration,
this shift should allow the full Ce** to Ce** transformation into the unique Rh to Pd range,
avoiding the extension into the Pd by Ag substitution.

With respect to the incipient short-range magnetic order observed in CePd;B, up to
y=0.35—which vanishes for y>0.4—it is necessary to elucidate whether or not short-range
order is an atomic disorder effect or has an intrinsic origin. To that respect one can mention that
the heavy fermion behavior of CePd;B,¢ was improved after annealing [4, 11]. For such a
purpose a detailed structure investigation concerning boron/vacancy ordering was carried out in
this work, to better control the degree of disorder introduced by doping. Taking profit of
previous investigations on CeRh;B( 5 [8], which evidenced a Y2 %2 Y2—type superstructure, the
alloy system with the CeRh;_,Pd;B s was chosen for this investigation.

Thus the aim of this work is two-fold: (a) to determine the valence instability region of Ce
within the solid solution CeRh;_,Pd,B(s, in combination with (b) a detailed study of the
influence of atom ordering (superstructures and antiphase domains) on the evolution of physical
properties. For this purpose we have investigated a series of samples with x=0, 0.5, 1.5, 2.5, 3,
using x-ray powder diffraction, scanning and high-resolution electron microscopy, and by
magnetic susceptibility as well as magnetization and heat-capacity measurements down to very
low temperatures.

2. Experimental details

Polycrystalline samples of about 1 g were prepared by a standard arc melting technique under
argon. Powders of rhodium (purity 99.99%) and/or palladium (purity 99.99%) and crystalline
boron (purity 98-99%) were carefully mixed in stoichiometric ratios, compacted and melted
before adding the appropriate amount of cerium (purity 99.9%). The molten buttons were
turned over and remelted at least three times to ensure homogeneity with weight losses smaller
than 1 mass % in all cases.

For sample characterization, scanning electron microscopy (SEM), electron probe
microanalysis (EPMA) on a Zeiss Supra 55 VP operated at 20 kV using EDX detection for
the quantitative analysis, and x-ray powder diffraction (XPD) with a Guinier—Huber image plate
recording system (Cu-Ka; radiation) were used. Details of the characterization techniques can
be found in a previous paper [25].



Mater. Res. Express 1 (2014) 016101 | Zeiringer et al

Selected-area electron diffraction (SAED) patterns with the incident beams along the
directions [001], [011] and [111] were obtained using a 200 kV electron microscope (JEOL
JEM-2000EXII). High-resolution electron microscopy (HREM) images were taken with a
200 kV electron microscope (TOPCON EM-002B). Precession electron diffraction (PED)
patterns were obtained by using a Spinning Star (NanoMEGAS) device with a precession angle
of 3.0°.

Magnetic measurements were performed using a Superconducting Quantum Interference
Device (SQUID) running between 1.8 K and room temperature, and with applied magnetic
fields up to 5 T. Specific heat was measured between 0.5 and 30 K using a standard heat pulse
method with AT/T~ 1%. A reference sample of LaPd;B [11] was used to evaluate the phonon
contribution and extract the magnetic specific heat as Cy, = Ciyeas — Cp(La).

3. Results

3.1. Homogeneity range of the solid solution CeRhs_ ,Pd,B,

Samples of the solid solution CeRh;_,Pd,Bgs (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3) have been
studied by XPD and EPMA in the as-cast state. X-ray powder patterns of the alloys were
indexed on the basis of a cubic primitive AuCus lattice (space group Pm3m; ag~ 0.4 nm). The
dependency of the lattice parameters, a, of the solid solution CeRh;_,Pd,B, (AuCuj; type) with
increasing Pd content, x, and increasing B content, y, is given in figure 1, in comparison with
data available from the literature. On the pure Rh side of the figure, a linear increase of the
lattice parameter with increasing B content has been reported by Shishido and coworkers [19]
for CeRh3By. This parameter ranges from a=0.4015(1) nm (y=0) to a=0.4180(1) nm (y=1)
for alloys annealed at 1300 °C, whereas the lattice parameters determined by Malik et al [7] for
alloys in as-cast state show deviations from linearity at low B content. In this area (y=0.12 and
0.25), the authors [7] observed a splitting of the peaks in the x-ray powder pattern whereby one
set of lines could be fitted with the lattice parameter of CeRh; and the other with an expanded
lattice (see figure 2). The rather large difference of the lattice parameters in as cast state
(a=0.4147 nm) and after annealing at 1400 °C (a=0.4213 nm) reported by Takei et al [20] for
CeRh3B, might be due to different compositions. For comparison, on the axis without B
content, i.e., CeRhz _,Pd,, the lattice parameters increase linearly between x=0 and x=2.4 and
between x=2.4 and x=3 [1, 23, 26] as previously reported. Even Ce,_,Pd;,, has a small
homogeneity range [27] extending from stoichiometric CePd; (a¢=0.4129(2) nm) to
Cep.9oPd3 08 (@a=0.4112(2) nm) at 800 °C [27]. The lattice parameters of the solid solution
CePd;B, increase with increasing B content up to y=0.4 (a=0.4203 nm) in as-cast alloys [6]
and up to y=0.25 (a=0.419 54(5) nm) [16] for samples annealed at 850 °C, but saturate for
higher boron content. The maximum solubility of boron in this solid solution was found to be
about 13 atomic % B (y=0.65) [16].

For the solid solution CeRh; _,Pd,Bg s (x=0, 0.5, 1.2, 1.5, 1.7, 2.5, 3), investigated in this
work, lattice parameters increase slightly with increasing Pd content from a=0.41147(5) nm
(x=0) to a=0.41501(5) nm (x=1.5), followed by a strong increase up to a=0.42104(6) nm
(x=2.5) and a slight decrease afterwards to a=0.420 73(2) nm (x=3; see figure 1). Our lattice
parameters of CeRh;B( 5 and CePd;B 5 are slightly larger but are still in good agreement with
the literature data. The results of XPD and EPMA are summarized in table 1. Only the metal
ratios were measured over several areas, as it is not possible to precisely and reliably determine
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Figure 2. SAED patterns of the CeRh;_,Pd Bg s compounds, taken with an incident
beam parallel to the directions [001] (left), [011] (center) and [111] (right). Reflections
are indexed on the basis of the AuCus-type structure.
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Table 1. Results of XPD, EPMA and ED measurements.

15 142 V5 super-

Nominal Composition structure Satellite
composition from EPMA Aaucu, [nm]  reflections reflections
CeRh3Bg 5 CeRhjy 0.41147(5) yes yes
Ceha.SPd().SB()_S Ceha.SPdo.S 0412 49(5) yes yes
CeRh1.7PdO_3B0_5 CeRh1.7Pd0.3 0.414 33(2) no yes
CeRhl.SPdl.SBO.S CeRhl.SPdl.S 0.415 01(5) -8 -2
CeRhl.zpdl.gBO.s CeRhlthdl.g 0.417 41(3) no yes
CeRhO.SPdZ.SBO.S CeRhO.Ssz.s 0.421 04(6) no yes
CePd;Bg 5 CePd; 0.42073(2) no Yes

 not investigated.

the small B content by EPMA. The lattice parameters are given for the cubic AuCus parent type
from which any possible superstructures can be derived.

3.2. Electron diffraction studies on the solid solution CeRhs_ ,Pd,By 5

SAED patterns of the CeRh;_,Pd,Bgs compounds, taken with an incident beam along the
directions [001] (left), [011] (centre) and [111] (right), are shown in figure 2. Reflections are
indexed with respect to the AuCus-type structure. The presence of Y2 V2 V2-type superstructure
and satellite reflections is summarized in table 1.

3.2.1. 12 ¥z Ye-type superstructure reflections. As indicated by the arrowheads in figure 2,
12 V2 Ya-type superstructure reflections are observed only in CeRh3;B( 5 and CeRh; sPdj 5B s.
Therefore, the Y2 2 V2-type superstructure, which has been discussed in detail for CeRh;B 5
[8], might be dominant only in the Ce-Rh-B system.

3.2.2. Satellite reflections. For all compounds investigated, many fine satellite reflections
appear around the Bragg reflections. The characteristic features of the satellite spots are
significant and similar to those of the CeRh;B 5 compound [8]. It is reasonable to consider that
the fine satellite reflections indicate the existence of a domain structure enclosed by anti-phase
boundaries. The appearance of only satellite reflections without superstructure reflections has
not been observed in the ternary solid solution CeRh3B,. Figure 3 shows HREM images of (a)
CeRh, sPdj sBg s with the Y2 Y2 Va-type superstructure reflections and (b) CeRh; ;Pd;3Bgs
without the %2 2 Y2-type superstructure reflections, taken with the incident beam parallel to the
[011] direction, and PED patterns in insets. In the images, one can see a modulation with a
domain structure, which is similar to that of CeRh3;Bys. At the boundaries between the
domains, one can see anti-phase displacements of lattice fringes and dislocation-like defects.

3.3. Magnetic susceptibility

The low-temperature magnetic properties of this system are summarized in figure 4 in a double
logarithmic representation. Starting from the Pd-rich side, the magnetic susceptibilities
(M/B =y) of CePd;B 5 and CeRhg sPd, 5B 5 follow the Curie-Weiss (C—W) law above about
50 K. Deviations below that temperature can be attributed to a reduction of the thermal-driven
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Figure 3. HREM images and corresponding PED pattern taken with the incident beam
parallel to the [011] direction (inset) of (a) CeRh, sPdg sBg 5 and (b) CeRh; ;Pd; 3B .
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Figure 4. Temperature dependence of the magnetic susceptibility in a double
logarithmic representation. The left axis is for x> 1.5 samples and the right axis is
for Rh-rich alloys. Inset: inverse susceptibility of sample CePd, sRhj 5B s showing a
Curie—Weiss behavior.

occupation of the excited crystal electric field (CEF) levels. This behavior is also depicted in the
inset as a standard 1/y representation, where the solid line represents the C—W law with the
Curie constant C=0.7 emuK mol™, corresponding to an effective moment pepr=2 g, and a
paramagnetic Curie temperature 8p=—7 K. The effective magnetic moment observed is about
20% lower than the value expected for a Ce** jon grus U+ D]Y?=2.54 ug. This value,
together with p=-7 K suggests a weak Kondo effect being present in both the ground state
(GS) and excited CEF levels.

The intermediate concentration sample CeRh; sPd; sB¢ s shows a drastic reduction of the
magnetic signal (see also figure 4) that can be described by a C—W law with pe=0.4 ug and



Mater. Res. Express 1 (2014) 016101 | Zeiringer et al

i

) CePd, Rh B, 110.4

—Fit

C./ T [Jmol K21
o
.

e o«
o e

AR T gy
HL'¢¢-: % CePd, Rh, ;B i
10 T K 20 402

CePd, B

3 05

Ccpdl,5 Rh[) 5 B(l 5

= 0.0
1 10
T[K]

Figure 5. Temperature dependence of the magnetic contribution to specific heat divided
by temperature in a semi-logarithmic representation showing the different temperature
dependencies between both Pd-rich samples on the left axis. the right axis refers to the
x=1.5 alloy. Inset: high temperature specific heat of two Rh/Pd alloys. A continuous
curve fits C,/T of CeRhysPd, sBgs as a sum of a non-Fermi-liquid ground state and
standard Shottky anomalies for the CEF levels; see the text.

0p=-90 K. Both the reduction of the Ce magnetic moment and the strong increase of | Op | up
to 90 K indicates a dominant Kondo regime for this composition.

On the Rh-rich side, a nearly-temperature-independent susceptibility is observed. The
experimental results can be described as y =y, + Ci/T with y,=0.33 10~ emu mol™" and C; as a
contribution from magnetic impurities, equivalent to about 100 ppm Gd atoms. The value
derived for y, of CeRh;Bgs is slightly larger than for CeRh,sPdjsBgs, but within the
indetermination of this simple description.

3.4. Specific heat

In figure 5 the magnetic contribution to the specific heat (C,,) for x > 1.5 samples is presented.
Pd-rich alloys show record high values of C./T for T— 0, with CePd;Bgs exceeding
4Jmol K2 at T=0.5 K. Such a value is outnumbered only by CeNigGe, [28] at lower
temperatures because in this compound the first CEF excited doublet contributes to C,,,/T even
at very low temperatures. Notably, CePd;B, s and CeRhg sPd, sBg s show a clear functional
difference in their C,,/T thermal dependencies below about 0.7 K, the former with a tendency to
saturation at very low temperature, whereas the latter follows a well defined logarithmic
dependence. Such a difference was previously observed between stoichiometric CeNigGe,4 and
doped with a few atomic % of La [28]. This significant change in behavior can be attributed to
the difference between a coherent (or lattice) behavior and the loss of coherence due to local
Rh/Pd atomic disorder.

At higher temperature (7>7 K), C,/T shows a maximum at about 15 K (see insert in
figure 5). This thermal dependence is tentatively ascribed to the contribution of CEF levels
centered at 23 K and 31 K, respectively (solid line, inset of figure 5). Since a standard Schottky
anomaly is computed on the basis of well-defined levels, the significant overlap between both
anomalies suggests that the actual excited CEF level can be a hybridized I'g quartet with an
associated Kondo temperature of Tx~8 K, which is compatible with the value of |6 |
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observed for that sample. Such a four-fold degenerated CEF level is expected in fcc crystal
symmetry [32] for a J=5/2 ion like Ce; the doublet I'; would then be the ground state. In such a
case, the CEF splitting can be evaluated as A =0.43 T, ® 30 K, T},,.x being the temperature of
the maximum of C,,,(7). Notice that in figure 5, C,,/T results for CeRh; sPd; sB 5 are referred to
the right axis because of the significant reduction of its electronic density of states. Rh-rich
samples are not included in figure 5 because their small C,,/T values could hardly be observed
in the graph.

4. Discussion

4.1. Crystal chemistry

The group—subgroup relations for perovskite (CaTiO3;) and its large number of derivative
structure types have been shown by Bock and Miiller [29] in the form of several Béarnighausen
trees, classified after coordination octahedra, Jahn Teller distortion, substitution variants or
distortion variants. One small part of the Biarnighausen tree is shown in figure 6, relevant to the
defect-ordered structure types among borides.

The ordering of B-atoms and vacancies in Zr,IrgB [30] and Ti,RheB [31] leads to an eight
times larger unit cell (a =b = c = 2ay; space group Fm3m, K,PtClg type; see figure 7), which has
been defined for these compounds by x-ray single-crystal studies. As the Y2 2 ¥2 superstructure
reflections in the SAED pattern of CeRh3B 5 are relatively strong, Yubuta et al independently
suggested that in this structure besides the boron ordering, displacements of the Rh atoms
around the B atoms also appear [8]. Another possibility for B/vacancy ordering would exist in
the K>OsCl4O, structure type with lower tetragonal symmetry (a=5b= \/ aop, c=2ap, space
group l4/mmm; see figure 7).

In the system under study, the ¥2 V2 %2 superlattice reflections, leading to an enlargement of
the unit cell, are clearly visible for CeRh3B 5 and CeRh, sPd sBg s on the SAED pattern. This
is in contrast to Zr,IrgB, for which the reflections caused by the ordering are also visible on the
x-ray powder spectrum [30]. Figure 7 shows the Rietveld refinement of the x-ray powder
pattern for CeRh, sPdg sBg s, including Miller indexes (bars), for the simple CaTiO5 type and
the K,PtClg type. In the case of CeRh;B( 5 or CeRh, sPdg 5B s, the small reflections found on
the powder patterns in addition to those of the parent AuCus-type can not be unambiguously
attributed to the superstructure, but along with the results of the electron diffraction, the K,PtClg
structure type can be considered.

4.2. Entropy

In the inset of figure 8, the thermal variation of the entropy (S,,) of CeRhysPd;sBgs and
CeRh; 5Pd; 5B 5 are presented. Since the former alloy shows a high value of C,(T — 0)/T, in
order to recognize up to which extent such a value corresponds to a Kramer’s doublet GS only,
a more quantitative inspection of the C,(7)/T dependence of the GS contribution is required.
Experimental data can be properly fitted with a modified power law (MPL) of the form
Cm/T:g/(TQ +A) [32], where the ratio g/A=C,/T (T—0) and A is an energy scale for the
deviation from a pure power law. The present results are well fitted with g/A =4.8 J mol™" K2,
A=0.9 K and Q=2.1 for the ground state doublet (see the solid line in figure 8). Above about
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Figure 6. Branch of the Béarnighausen tree of the perovskite family including ordered
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4 K the CEF contribution becomes relevant, and is properly described taking into account a
CEF splitting of ~30 K, as discussed for the inset of figure 5.

There is a thermodynamic constraint to be fulfilled by the MPL parameters originated in
the entropy of the doublet GS: S(77) = Rln 2. According to that, the continuous curve in the inset
of figure 8 shows how the integral of C,,(T)/T=g/(T? +A) saturates at that value. The entropy
exceeding Rln 2 corresponds to a contribution of the excited I'g CEF level, located around 30 K
above the ground state. At the upper temperature limit of our experimental range (~30 K),
Sm(T) reaches the value ~1.8 Rln 2, which is a fraction of the total entropy Rln 6 expected for
the six-fold degenerated Hund’s rules ground state of Ce (i.e., 2J+ 1 =6 for J=5/2).

In the case of CeRh; sPd; 5B s, the scenario changes completely because its specific heat
is reduced by more than one order of magnitude and consequently its magnetic entropy (S;,)
increases very slowly, as shown in the inset of figure 8. With such a modest increase of S;,,(7),
the Rln?2 value is shifted to higher temperatures, quite above the excited CEF level.
Furthermore, this CEF level will also progressively contribute to enlarge S, towards an upper
value of Rln 6 (if the I's quartet is taken into account). This fact, and the strong increase of 10pl
~90 K (see subsection 3.3), are typical signatures for intermediate valence behavior, where the
CEF level width overcomes the CEF splitting [33].

There is, however, an unexpected but robust increase of C,,(T)/T below about 2 K in this
alloy, as shown in figure 5. In terms of entropy, this contribution can be evaluated to be about
7% of Rln 2. Such a value is extracted applying the same procedure as that applied for the
analysis of S;,(T) of CeRhg sPd, 5B 5 performed in the inset of figure 8. The value also agrees
with the reduction of the Curie constant extracted from figure 4. The low energy scale of this
contribution (arising below about 2 K) may be originated by the random distribution of Pd/Rh
atoms. Although the atomic distribution in an alloy is expected to deviate to some extent from
the ideal value, a random distribution (Pd/Rh in this case) implies, however, that in this system
the density of states increases exponentially on the Pd-rich side by about two orders of
magnitude when compared with the Rh-rich side. Even involving only 7% of Rln 2, any Pd-rich
cluster would surpass the respective contribution of a Rh-rich equivalent. Nevertheless, such a
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well-defined increase as in CeRh;sPd; sBgs is quite unexpected in terms of a random
distribution, and a more intrinsic effect cannot be excluded.

Apart from its high value for a doublet ground state, the record of C,(T)/T
(T—0)=4.8 I mol”' K? has relevant physical implications. Compared with standard Fermi
liquids like CeRh; with y=0.014 J mol™" K? [34], it represents an increase of about 300 times
in the density of states and the concomitant decrease of the characteristic energy scale, down to
a few degrees. These two alloys show thermal C,,/T dependencies typically observed in the
vicinity of quantum critical points. In fact, the C(T)/T=-a log(Ty/T) dependence of
CeRhy sPd, 5B 5 scales with other alloyed Ce systems [35], but exhibits an even lower T, value
than the exemplary system CeCusoAug; [36]. Stoichiometric CePd;B( 5, however, shows a
power law thermal dependence above 1 K with a clear tendency to saturation below that
temperature. This experimental result can be properly described by a modified power law like
C(DIT=4.4/(T*"+0.9), with an exponent Q ~?2 and an A term that accounts for the saturation
effect at 7— 0. These types of behaviours are generally recognized as non-Fermi-liquids,
arising from an increasing density of excitations as the temperature tends towards zero. Since
those excitations are not necessarily distributed in a continuous spectrum of energy, they cannot
be considered to form an electronic band. Nevertheless, this particular value of Q ~ 2, gives the
possibility to approximate the 77— 0 limit as C,,,(T)/T=(g/A) [1—(T/A)?], which corresponds to a
standard Fermi liquid system. In such a case CePd;B(s would be the compound with the
highest known density of states or, equivalently, the narrowest electronic band reported. The
feasible formation of an electronic band, however, has to be confirmed by transport
measurements which should show, for example, a p ~ T* dependence below about 0.6 K where
the Fermi liquid ground state may form.

4.3. Electron density and volume effects

As mentioned before, atomic valence and volume are intimately related parameters through the
Coulomb potential acting on the valence electrons of the atoms. Stable valent elements
participate in compound formation when their Wigner—Seitz cell border is compatible with
those of the neighboring ligand atoms within an appropriate crystalline structure. Although the
equilibrium values for these parameters have some range of flexibility, they are more restricted
in ionic and covalent compounds than in intermetallics. That flexibility allows large families of
compounds to form, with the same composition and structure, within an ample range of volume
variation as typically observed in trivalent rare earth (RE**) compounds.

Certain elements, known to exhibit valence instabilities, are capable of accessing different
electronic configurations compatible with different states of valence. Those elements, in
general, form a large number of compounds, because they can adapt their valence/volume ratio
(Zeti/Vay) to those of the neighboring ligand atoms. Since ligand electrons are those from the
valence band, in the case of Ce** only the [65*5d'] electrons participate in bonding; the 41
orbital is excluded due to its strong localized character. In contrast, in the case of Ce4+, with the
4 electronic configuration, also a fourth delocalized electron may form the conduction band.
Since the Ce** band, with an electronic structure [6s25d1], is the same as that of La3+, the
existence of isotypic La compounds indicates that the electronic band of Ce atoms is compatible
with a Ce®" state. On the other hand, if isotypic Zr** compounds form with a [65°5d°]
band, like, e.g., ZrFe,, ZrCo, Laves phases or ZrRh; (for the present case), it indicates that in
the isotypic compounds the Ce electronic configuration is compatible with a Ce*" state.
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Figure 9. Variation of lattice parameters (AuCus-unit cell) for the alloy series
ZrRh; _,Pd,, CeRh;_,Pd,, CeRh;_,Pd,By s and CeAg;_,Pd, as a function of the Pd-
content. The individual lattice parameter curves are shifted with respect to each other to
comply with the region of Ce-intermediate valence and the transition from the Ce** to
the Ce* regime.

The possibility of having intermediate valence states allows Ce atoms to adjust their Z.g/V,,
ratio as occurs in the CeRh;_,Pd, alloy above x=2.4, whereas the stable valent Zr cannot do
this, as in ZrRh; _,Pd,, where a change of structure (i.e., V,,) occurs [26].

A further characteristic of the elements with valence instabilities is to adapt their Z.g/V,,
ratio to chemical potential modifications, allowing the stability of a crystalline structure in an
extended range of concentrations like in CeRhs_,Pd,. This possibility contrasts with
ZrRh; _,Pd,, included in figure 9, because the stable valence of Zr** constrains the system
to modify the crystal structure from AuCus to TiNis, once the available atomic volume V,, of Zr
becomes mismatched with the neighboring electronic conditions. There is a useful heuristic
constant provided by the product Z.¢x V,, (i.e., the effective valence Z.¢ times the available
volume) for this analysis because for metallic Ce, Z.¢ X V,, = 80 A3 [37]. Similar values can be
obtained for other instable valence elements like 5f-Pu, for example.

The present study of CeRh;_,Pd,Bg s allows us to check these features directly because
the Ce-V,, increases with Pd concentration whereas Z.g deceases from 4+ to 3+, as indicated in
figure 9. The figure summarizes the lattice parameters of the AuCus-unit cell as a function of the
Pd-content for the alloys ZrRh; _,Pd, [26], CeRh;_,Pd, [2] and CeAgs_,Pd, [2]. Notice that
CeRh; _,Pd,B 5 refers to the upper x-axis, which is shifted by the equivalent of one Pd atom
because, according to Z.g X V,, = constant, the expansion produced by 0.5 B atoms is equivalent
to such a variation in the electronic configuration of the conduction band. Three different
regions are identified in the figure according to the Ce valence configurations: (i) a Ce** region
on the left side, (i1) the Ce intermediate valence range around the middle of the phase diagram,
and (iii) a Ce®* one on the right side. A detailed analysis of each region follows.

(1) A linear increase of the unit cell dimensions throughout ZrRh; _,Pd, essentially reflects the
substitution of the smaller Rh atoms (metal radius Rgy, =0.1345 nm [38]) by slightly larger
Pd atoms (Rpg=0.1376 nm [38]) at a stable Zrt valency. Consistently, a similar slope
(A'a' parameter/APd-content) encountered on the Rh-rich side of CeRh;_,Pd, up to
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xpg <2.4 confirms a stable valency of the Ce** electronic configuration. The same applies
to CeRh;_,PdB 5 after shifting the xpq concentration value to 1.5.

(i) With higher Rh/Pd-substitution the intermediate valence region for Ce commences as
documented by a series of physical properties. Interestingly, the isotypic Zr compound
undergoes the mentioned structural modification at that Pd concentration. In the case of
CeRh; _,Pd,, the Ce intermediate valence regime was explored beyond the CePd; limit
[2, 12], revealing a further expansion of the unit cell when substituting Pd by Ag
(Rag=0.1445 nm [38]). This provides a further increase of carriers in the electronic band.
Backed by measurements of specific heat, magnetic susceptibility and electrical resistivity
[2], this further increase refers to the fact that in CePds, the Ce atom is still within its
intermediate valence regime. For CeRh; _,Pd,By 5, the addition of band electrons allocated
by Ag atoms is not required because of the 0.5 B content; the full range of Ce valence
instability is developed within the Rh/Pd substitution range.

(ii1)) A plateau-like behavior is reached in CeAgs_,Pd,, indicating that at zpg>?2.4, Ce atoms
have reached their Ce** regime. The same limit is reached for CeRh; _,Pd,B s, but in this
case at xpg =~ 2.5. Notably, no magnetic order is observed in this limit. For comparison, one
can mention that CePd; sgAgg 4> [2] also shows a divergent C,,(T — 0)/T dependence like
the present Pd-rich samples, but does not reach such a high value.

5. Conclusions

The crystal structure and physical properties studied for the solid solution CeRh;_4Pd,Bg s
have shown that the lattice expansion produced by B interstitial atoms increases the Ce valence
to an extent that is nearly equivalent to the value obtained by increasing the concentration of
one Pd atom in Ce(Rh;_,Pd,);. This indicates that both mechanisms generate a similar
variation of the chemical potential of the system. Thus, the concentration dependence of Pd
scales with the previously observed one for Ce{Rh,Pd,Ag}s, as depicted in figure 9. As a
consequence of the shift of the Pd content, produced by doping with 0.5 B atoms, the complete
variation of the valence between Ce** and Ce™ can be obtained solely by the Rh/Pd
substitution, i.e., without any further increase of the number of electrons in the band, as created
by a Pd/Ag substitution.

Having shifted the Ce** EC towards CePd;B 5 facilitates access to the highest known
density of low-energy excitations for a doublet ground-state system, with a value of
C/T~4.4 T mol™ K? for T— 0. The evolution from the Ce** to the Ce** configuration can be
traced directly by the lattice parameter throughout three different regimes. For 0 <x< 1.5 the
volume increase corresponds merely to the substitution of Rh by Pd atoms, the sizes of which
are rather close. In this regime, the tetravalent character of cerium is unaffected. This simple fact
proves that each electronic configuration can be stable enough, requiring a significant
modification of the electronic/volume environment in order to drive it into an intermediate
valence regime.

For x >1.5, the lattice expansion is much steeper and is thus attributed to a gradual valence
change of the cerium atoms, finally approaching a predominant trivalent state for x > 2.4. SAED
patterns of the CeRh;_,Pd,Bgs compounds reveal the appearance of Y2 Y2 Va-type super-
structures and satellite reflections with respect to the parent AuCuj structure. The former is
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confined to the Rh-rich part of the solid solution, whereas the satellite reflections are observed
throughout the solid solution and hint towards the existence of a domain structure enclosed by
anti-phase boundaries.

This systematic investigation on the structural properties confirms that the extreme heavy
fermion character of Pd-rich CeRhs_,Pd, B s alloys is an intrinsic property, rather than the
consequence of atomic disorder. In fact, a slightly larger value of C,,,/T (T — 0) was obtained for
CePd;B 5 than figures reported in the literature for a similar B concentration [4, 5]. Also the
description of the thermal dependence of C,,,/T is improved using a simple modified power law
function. The fact that a simple function describes C./T over a large temperature range
indicates that only one dominant mechanism is involved. This excludes the presence of
inhomogeneities in the sample which would contribute with different temperature dependences.
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