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Abstract. The results of electrical resistivityρ(T ) and magnetoresistivity MR(T ,B) for 1.5 6
T 6 580 K andµ0H = B 6 8 T are reported for the(Ce1−xNdx)Cu6 alloy system. For small
Nd substitutions in the heavy-fermion CeCu6 parent compound, the Kondo lattice is characterized
through coherence effects inρ(T ) at low temperatures. Theρ(T ) data above room temperature
are used to resolve the electron–phonon scattering, and it is indicated that the single-ion Kondo
interaction dominates bothρ(T ) and MR(B) for a wide range of intermediate Ce concentrations.
Based on this, the MR(B)data for different isotherms and alloy compositions are analysed according
to the Bethe-ansatzdescription. We also discuss the observed deviations of our data from the
preceding theoretical description due to the onset of magnetic order in alloys with high Nd content,
and to phase coherence at low temperatures.

1. Introduction

After its initial synthesis and study of electrical, magnetic and specific heat properties by
Ōnukiet al [1] and Stewartet al [2], the heavy-fermion compound CeCu6 continues to attract
considerable attention. A review of many of its thermodynamic and transport properties, along
with those of other CeCux compounds (x = 1, 2, 4, 5 or 6), has been given by Bauer [3]. The
RCu6 compounds (R= La, Ce, Pr, Nd, Sm or Gd) all crystallize in the orthorhombic CeCu6

Pnmastructure at high temperatures [3, 4]. A continuous lattice-structural transformation
takes place at temperatureTt to a low-temperature monoclinic(P21/c) structure [4] for CeCu6
(Tt = 230 K), LaCu6 (Tt = 491 K), PrCu6 (Tt = 216 K) and NdCu6 (Tt = 155 K). The
monoclinic distortion is small however and generally the orthorhombic notation is conserved
for simplicity when discussing their low-temperature properties.

Transport and thermodynamic properties of single-crystal CeCu6 have been studied down
to millikelvin temperatures by several authors [5–9]. These studies confirm the occurrence of
a peak in the resistivityρ(T ) at∼10 K below which it drops precipitously and only attains aT 2

Fermi-liquid-like temperature dependence below 100 mK. It is noted that Sumiyamaet al [9]
observed a marked anisotropy inρ(T ) in the millikelvin regime with only thea-axis resistivity
conforming to theT 2-dependence while aT 2.07-dependence is observed for thec-axis and a
T 1.71-dependence is found for theb-axis.

An electronic contribution to the specific heat at low temperature ofγ (T → 0) =
1670 mJ mol−1 K−2 is observed for CeCu6 [7]. From de Haas–van Alphen measurements,
effective field-dependent quasiparticle masses up to 80 times the free-electron mass are
observed [10, 11]. The authors also conclude that mass enhancement of all the electrons
involved near the Fermi surface takes place and not only of those of primarily f character
[10]. Application of a large magnetic field significantly decreases the quasiparticle mass [11]
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which is in agreement with a decrease ofγ to 30% of its zero-field value when applying a
field of 7.5 T [7]. Application of a magnetic field also increases the temperature regime in
which a Fermi-liquidT 2-dependence ofρ(T ) is observed [7]. Earlier measurements ofρ(T )

down to 20 mK [8, 9] and specific heatC(T ) down to 60 mK [7, 12] indicate no evidence of
magnetic ordering or superconductivity in CeCu6. However, using inelastic neutron scattering,
the existence of short-ranged magnetic correlations developing below 10 K was first indicated
by Aeppli et al [13] and subsequently by Rossat-Mignodet al [14, 15]. The magnetic origin
of the inelastic scattering is confirmed by the strong influence of a magnetic field on its
intensity, being suppressed by an applied magnetic field of 2.5–4 T along the easyc-axis.
Within the total magnetic scattering, contributions due to single-site and to antiferromagnetic
correlations between adjacent 4f moments in thebc-plane could be resolved [14, 15]. The
single-site fluctuations are associated with the Kondo interaction on localized Ce 4f moments
and can be described by a quasi-elastic Lorentzian, the width of which yields a value of the
Kondo temperatureTK = 5± 0.5 K [14]. Muon-spin-rotation (µSR) measurements proved
to be extremely useful in investigating possible small-moment magnetism in heavy-fermion
systems [16]. Zero-fieldµSR measurements down to 40 mK show no sign of a magnetic
transition and give an upper limit of' 10−3µB/Ce atom for a static 4f moment [17].

Magnetic ordering can be obtained in CeCu6 by doping. Thus for Ce(Cu6−xMx) alloys
(M = Au [18–20], Ag [18, 21, 22] or Pd [23]) antiferromagnetic ordering takes place
above a critical concentrationx = xc when the Rudermann–Kittel–Kasuya–Yosida (RKKY)
interaction dominates the Kondo interaction. For Ce(Cu6−xAux), samples with the critical
concentrationxc = 0.1 have been comprehensively studied and shown to exhibit non-Fermi-
liquid behaviour which has been attributed to the suppression toT = 0 K of the magnetic
order [24, 25]. Hence, it seems as if CeCu6 may be on the verge of magnetic ordering and
several studies at ultra-low temperatures were performed to seek for possible ordering effects.
It has already been indicated by Amatoet al [7] that the Curie–Weiss high-temperatureχ(T )
is followed down toT ' 9 K for thea- andb-axes of their CeCu6 crystal, thenχ(T ) initially
becomes temperature independent below this temperature before it finally increases below
1 K. Remarkably for thec-axisχ(T ) follows a Curie–Weiss law from room temperature to
80 mK which was the lowest temperature used in this study. Jinet al [26] observed a peak
in ac susceptibility at 3 mK for polycrystalline CeCu6 and along thea-axis of a CeCu6 single
crystal. Along theb-axis peaks were observed at 2 mK and 0.5 mK. In another study on
single-crystal CeCu6 a decrease in the magnitude of dc magnetization belowT ' 3 mK was
reported by Schuberthet al [27], after subtraction of a baseline of what was established as a
very low concentration of Gd3+ impurity in their sample. In addition, the specific heatC/T

which was measured down to 11 mK revealed a significant upturn (to' 2800 mJ mol−1 K−2)
below 40 mK which, considered together with the magnetization behaviour, was ascribed to
possibly being the high-temperature side of a magnetic anomaly. Pollacket al [28] reported
that atT ' 1 mK the nuclear quadrupole intensity exhibits a peak with a thermal-hysteretic
character. The authors discussed the possibility that CeCu6 may order unconventionally in its
electronic spin system (e.g. superconducting, small-moment antiferromagnetic or spin-glass)
or in its nuclear spin system at this temperature.

Doping experiments in which Ce is replaced received considerable attention. The effects
of replacing Ce with non-magnetic M= La, Y or Th were investigated through specific heat
measurements on polycrystalline (Ce1−xMx)Cu6 alloys [29]. The evolution from dense Kondo
lattice to incoherent single-ion Kondo behaviour has been studied in detail down to millikelvin
temperatures for single-crystal alloys (Ce1−xLax)Cu6 through electrical transport [9, 30, 31],
specific heat [32] and susceptibility [31] measurements. Several studies are reported on the
effect of substituting Ce with moment-bearing rare-earth ions R= Gd [33, 34], Tb [35] or
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Pr [29, 36]. One would expect these studies to underscore the competition between Kondo
and RKKY interactions [37]. However, although some evidence for magnetic or spin-glass
ordering exists in these (Ce1−xRx)Cu6 samples at low temperatures [33, 35, 36], the resistivity
and magnetoresistivity are dominantly characteristic of that of a single-ion Kondo system [34].

In the present paper studies on substituting moment-bearing rare-earth elements for
Ce in CeCu6 are extended to include the magnetic element Nd. The compound NdCu6 is
characterized by magnetic ordering atTN = 5.9 K [38]. The magnetic structure is complex
[39] and while satellite reflections observed in neutron diffraction measurements indicate an
antiferromagnetic type of ordering, some controversy exists [40] over details of the magnetic
structure. Anomalous behaviour is found in susceptibility and magnetization measurements of
NdCu6 and a strong magnetocrystalline anisotropy is evident from a metamagnetic behaviour
[38]. The metamagnetic behaviour is also reflected inρ(T ) and in magnetoresistance
measurements. At room temperature, NdCu6 has a unit-cell volume of 414.503Å3, which
represents a∼1.4% contraction of the isostructural, 420.286 Å3 unit cell volume of CeCu6 [4].

In our investigation the evolution from Kondo lattice to single-ion Kondo behaviour
with increased Nd concentration is studied throughρ(T ) measurements on (Ce1−xNdx)Cu6

alloys. Parameters characterizing both phonon and Kondo contributions (including the Kondo
temperatureTK) are extracted from the data for alloys with differentx-values. We also
performed magnetoresistance measurements up to 8 T and used calculations by Andrei [41]
and Schlottmann [42] for the Bethe-ansatzsolution of the Coqblin–Schrieffer Hamiltonian to
analyse the results and in this way also deduce values ofTK(x). The relative importance of
Kondo versus magnetic behaviour will be addressed. Conference reports on parts of this study
have appeared elsewhere [43, 44].

2. Experimental details

The samples were prepared by melting the constituents in an arc-furnace under argon
atmosphere. Metals of purity 99.99 wt% for Ce and Nd and 99.99+ wt % for Cu were
used. Room-temperature x-ray diffraction spectra for all the compounds prepared in the
(Ce1−xNdx)Cu6 series could be indexed according to the expected orthorhombicPnmacrystal
structure, and showed no detectable evidence of unreacted elements or parasitic phases. Bar-
shaped specimens of typical dimensions 1× 1× 10 mm3 were cut by spark-erosion from the
sample ingots. For electrical transport measurements, the four-probe dc method was used.
Contact wires were spot-welded onto the specimens, and current- reversal was used to correct
for possible thermal voltages in the circuitry.

Experimental temperatures down toT = 1.5 K were attained using an Oxford Instruments
variable temperature insert (VTI) and superinsulated Dewar, and a superconducting solenoid
matched with the Dewar and VTI provided for applied magnetic fields up toB = 8 T.
Inside the vacuum- and radiation-shielded VTI sample space, the sample temperatures were
regulated using an Oxford Instruments ITC503 temperature controller. We measured the
sample temperatures by means of calibrated resistive carbon-glass and germanium sensors.
A temperature stability ofT ± 5 mK could be achieved over the∼20 minute duration of a
0→ 8 T→ 0 field-scan isotherm. Before energizing of the solenoid, control of temperature
for recording an isotherm was switched from the resistive sensors to a magnetic-field-insensitive
capacitance sensor using the<20 ppm transfer precision allowed by the temperature controller.
For recording isofield data with scanning of the sample temperature, the magnetic field in
persistent mode could be set and regulated to withinB ± 1 mT. For sample excitation current,
a YEW type 2854 precision dc supply was used and the voltages were measured using a HP
3478A digital voltmeter. The electrical resistivity valuesρ(T ) reported in this work were
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measured to a sensitivity of typically 1 part in 1000. However, an absolute error ofρ(T )±2%
is estimated due to the uncertainty in geometrical factors. A further uncertainty inρ(T ) could
result from the presence of voids and microcracks in the samples and the influence of this is
difficult to quantify. The effects of lattice defects onρ(T ) seem to be small for these samples
(see section 3.1).

3. Results and discussion

3.1. Zero-field resistivity

The temperature dependence of the zero-field resistivitiesρ(T ) of alloys in the series
(Ce1−xNdx)Cu6 is shown in figure 1. Measurements were taken at∼0.3 K temperature
intervals, and the individual points therefore merge to resemble solid lines. All members of
the series initially reveal a decreasing resistivity when the temperature is lowered from room
temperature. A minimum inρ(T ) and an upturn at low temperatures characterize all the alloys
containing cerium. At the cerium-concentrated end of the series, a maximum precedes a final
drop inρ(T ) towards the lowest experimental temperatures (see table 1). The temperature

Figure 1. Temperature variation of the electrical resistivity in the range 46 T 6 295 K for
compounds in the pseudo-binary system (Ce1−xNdx)Cu6 (0 6 x 6 1). The measured data are
presented as individual data points which merge to appear as solid lines, due to the small temperature
intervals between the points. A negligible thermal hysteresis was detected between data collected
in decreasing and subsequent increasing temperatures over the measurement range.
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Table 1. The cerium-concentration dependence of extrema occurring inρ(T ) for compounds in
the system (Ce1−xNdx)Cu6.

T (ρ = ρmin) T (ρ = ρmax)

x (K) (K)

0 47 12.2
0.05 185 11.2
0.1 182 7.9
0.15 183 7.4
0.4 162 —
0.6 100 —
0.7 70 —
0.8 59 —
1.0 — —

where the maximum inρ(T ) occurs is rapidly suppressed as the Nd content is increased.
This temperature is usually associated with a Kondo lattice characteristic temperatureT0

below which phase coherence effects start to appear in the system [3, 11]. The results
illustrate how with increase in Nd content a change from Kondo lattice behaviour to incoherent
Kondo scattering, the latter characterized by a− ln T dependence, is obtained. The effect of
antiferromagnetic order atTN = 6.3 K onρ(T ) of NdCu6 is evident from figure 1. However,
the dominant scattering in the dilute Ce region is clearly that of incoherent Kondo scattering.
Theρ(T ) curves, for compositions and temperatures where incoherent Kondo scattering apply,
may be described by

ρ(T ) = ρ0 + ρph(T )− cK ln

(
T

TK

)
. (1)

In equation (1),ρ0 is the residual resistivity and the electron–phonon scattering termρph(T )

is often approximated asρph(T ) ' bT . The termρ0 includes, in addition to the resistivity
as a result of electron scattering from dislocations, grain boundaries and other lattice defects,
also, as a dominant part, a Nordheim-like contribution due to atomic disorder as a result of the
presence of the two kinds of rare-earth atoms (Ce, Nd) in the CeCu6 lattice. Sumiyamaet al
[31] convincingly illustrated the presence of a Nordheim-like contribution for (Ce1−xLax)Cu6

through resistivity measurements down to 18 mK. As indicated by these authors it reflects the
saturation effects found in the magnetic resistivityρmag(T ) = ρ(T )−ρph(T ) for both the dilute
Kondo alloys and the Kondo-lattice system asT → 0. The quantityρmag(T = 0)/(1− x)
presents the unitarity limit of resistivityρU when 1− x → 0 and was determined as
ρU = (320±30)×10−8�m for the (Ce1−xLax)Cu6 system [31]. The contribution of ordinary
lattice defects toρ0 is considerably smaller than the magnetic contribution as is evident from
measurements we performed on a LaCu6 sample givingρ(T = 4 K) = 2×10−8 �m, and on
NdCu6 giving ρ(T = 4 K) = 2.1× 10−8 �m. Furthermore, measurements on CeCu6 down
to 50 mK indicateρ0 values between 8 and 16× 10−8 �m depending on the current direction
in the single crystals used [6]. We do not expect the contribution of ordinary lattice defects to
ρ0 to vary considerably across the (Ce1−xNdx)Cu6 series since all the samples were prepared
following the same procedures.

Several of theρ(T ) curves in figure 1 exhibit the characteristic minimum inρ(T ) at
fairly high temperatures (162–185 K, see table 1) and consequentlyρph is clearly not dominant
for these compounds at room temperature. Hence, to separate the Kondo and phonon terms
reliably,ρ(T ) measurements have been extended to temperatures up to 580 K as depicted in
figure 2. For purposes of clarity, data points in this figure have been depopulated so that only
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Figure 2. Temperature variation of the electrical resistivity for temperatures aboveT = 1.5 K and
up toT = 580 K for compounds in the system (Ce1−xNdx)Cu6. The solid lines are LSQ fits of
equations (1) and (2) to the data. The calculated parameters are given in table 2.

1 in every 15 measured points are shown, although for the iterated least-squares (LSQ) fitting
operation discussed below, all the data were retained. In the present investigation the results
for ρ(T ) in figure 2 are fitted to equation (1), using for the electron–phonon scattering term

ρph(T ) =
(

4κ

θR

)(
T

θR

)5 ∫ θR/T

0

z5 dz

(ez − 1)(1− e−z)
. (2)

The Gr̈uneisen–Bloch description [45] of the electron–phonon scattering in equation (2), while
approaching the linearbT -behaviour at high temperatures, presents a more realistic description
of ρph(T ) at low temperatures. In equation (2),κ is the electron–phonon coupling constant and
θR is the resistivity-characteristic Debye constant which is usually comparable to the specific
heat Debye temperatureθD. A value ofθD = 240 K, which was derived from high-field specific
heat measurements for CeCu6 [46], is used in calculations involving (Ce1−xNdx)Cu6 data in
this study (compare withθD = 230 K for LaCu6 [47]). While the variation ofθD across the
dilution series (Ce1−xNdx)Cu6 is unknown, it is not expected to vary markedly since the values
of atomic masses for Nd and Ce are nearly alike,viz. M(Ce)/M(Nd) = 0.97 and therefore
the lattice-vibrational spectra should be similar. It is noted that the single-ion Kondo scale
TK is explicitly included in the last term of equation (1). However, we refrain from a more
detailed specification ofcK or of the argument of the logarithmic term noting that a variety of
descriptions exist in the literature [3]. The Kondo term in equation (1) gives an appropriate
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Table 2. Least-square iteration parameter values of contributions to the electrical resistivity for
the compound series (Ce1−xNdx)Cu6, obtained by fitting equations (1) and (2) to the data (see
figure 2).

ρ0 κ cK TK

x (10−8 �m) (10−8 �m K) (10−8 �m) (K)

0.8 63± 2 7282± 11 7.37± 0.02 2.7± 0.6
0.7 76± 2 7017± 9 12.27± 0.02 6.8± 1.2
0.6 82± 6 6283± 15 12.19± 0.03 7.8± 0.4
0.4 101± 9 5706± 66 15.37± 0.17 9.8± 0.5
0.15 99± 3 4053± 20 12.45± 0.06 8.5± 1.7
0 57.5± 0.9 2131± 7 2.20± 0.03 0.32± 0.14

description for the single-ion expectation at high temperatures, but fails at low temperatures
since it does not describe the saturation of the single-ion resistivity atT → 0 (see [31] for
saturation effects in the (Ce1−xLax)Cu6 system). Finally, it is not considered necessary to
include in our analyses the effects of transition-electron d-band scattering associated with the
Cu atoms, since the 3d orbital of Cu is completely filled.

For all the alloys studied above room temperature, a tendency towards a linear temperature
variation ofρ(T ) is observed at sufficiently high temperatures (see figure 2). This indicates the
diminishing influence of inelastic spin-flip scattering on the total measuredρ(T ), and supports
an interpretation whereby the high-temperatureρ(T ) is used to characterize, to first order, the
electron–phonon scatteringρph(T ). Thus, in order to resolve the various contributions to the
measuredρ(T ), the high-temperature slopes in figure 2 were used as starting values ofρph(T )

for a LSQ fit of equation (1) together with the Grüneisen–Bloch relation given in equation (2) to
theρ(T ) data. No high-temperature cut-off was imposed on any of the temperature-dependent
terms, but a low-temperature limit was set for the LSQ fitting range of the (Ce1−xNdx)Cu6

compounds withx 6 0.4 due to an inflection point and/or peak formation inρ(T ) (see table 1).
The LSQ results are illustrated as solid lines superimposed onto the respective data sets in
figure 2 and the parameters are listed in table 2 and plotted against the Ce concentration in
figure 3. The contributionρ0, the logarithmic amplitudecK , as well as the value for the Kondo
temperatureTK, reveal a maximum near 1−x = 0.6, while the electron–phonon coupling term
κ is seen to steadily diminish with decreasing Nd content. It is evident that for Nd substitutions
up tox ' 0.4 atoms per formula unit, the contraction induced in the Ce sublattice causes an
increase in the Kondo interaction energy, possibly due to an enhanced 4f–conduction electron
hybridization (see figure 3(a)). Thus∂TK/∂V < 0 from the initial effects of Nd substitution
for Ce in CeCu6. This agrees qualitatively with determinations ofTK from specific heat studies
for the (Ce1−xLax)Cu6 system where a monotonic and almost linear decrease ofTK with La
substitution was observed [32]. Since La substitution gives a volume increase in the unit
cell, it follows that∂TK/∂V < 0 also in this case. For higher Nd concentrations the Kondo
temperatureTK is seen to decrease, which is likely due to an increasingly forceful f–f indirect
RKKY interaction mediated by the conduction electrons. The maximum inρ0(x) on the other
hand reflects the Nordheim-like origin of this term,ρ0 ∼ x(1− x) which has a maximum at
x = 0.5 [48].

The analysis thus far ignores, for simplicity and due to a lack of development in the
theory, any cerium intersite interactions which may prevail especially in the Ce-concentrated
members of the (Ce1−xNdx)Cu6 series (the magnetic ordering observed in pure NdCu6 and
further analysis thereof falls outside the scope of this work). In spite of this, the single-ion
Kondo description embodied in equation (1) renders a fair description of the interaction of
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Figure 3. The calculated least-squares (LSQ) values of the Kondo temperatureTK (a),
ln T -amplitudecK (b), electron–phonon coupling constantκ (c) and the temperature-independent
termρ0 (d) (see equations (1) and (2)) plotted against the Ce concentration for compounds in the
system (Ce1−xNdx)Cu6, pertaining to data analyses illustrated in figure 2. The solid lines are a
guide to the eye.

conduction electrons with the cerium magnetic centres in this system. Figure 2 illustrates the
finding that even 20% Ce in NdCu6 results in the incoherent Kondo interaction dominating the
temperature dependence of electrical resistivity.

Deviations from the theoretical prediction of equation (1) occur at low temperatures
towards the cerium-concentrated limit (see figure 2), and these may be attributed in general to
cooperative effects which become significant as the thermal energy of the system is removed.
Translational coherence is such a low-temperature effect which is associated with a Kondo
lattice, and this is seen to be rapidly suppressed by the introduction of Nd into CeCu6 (table 1).
In the region of low Ce concentrations (1− x = 0.2–0.6), the resistivity increases towards
low temperatures without levelling off. Evidently, measurements extending to well below the
presented temperature range are called for before attempting to unambiguously characterize
the ground state of these alloys. As the system approaches the ground state, either the local
Ce-moment must become fully screened to limit theT → 0 resistivity to the unitarity limitρU,
or if the Ce moments remain underscreened one can expect translational coherence between
these moments plus the possibility of magnetic ordering to determine the dynamics of the
ground state. A qualitative description of a Kondo lattice system was given by Yoshimori and
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Figure 4. Temperature dependence of the electrical resistivity of CeCu6, together with a theoretical
prediction due to Yoshimori and Kasai [49] (solid line) given in equation (3) and with LSQ
parameters as given in the text.

Kasai [49] in the framework of the periodic Anderson model. Intersite magnetic interactions
are explicitly ignored and the temperature dependence of the magnetic resistivity is calculated
as

ρ(T ) = A
{[√

log2

(
T

TK

)
+

3π2

4
+ log

(
T

TK

)]2

+γ

[√
log2

(
T

TK

)
+

3π2

4
− log

(
T

TK

)]2}−1

. (3)

The solid line depicted in figure 4 is the LSQ result of fitting equation (3), plus a temperature-
independentρ0 as well as the Gr̈uneisen–Bloch electron–phonon scattering variationρph(T )

previously calculated for CeCu6 (see table 2), to theρ(T ) data for CeCu6. A value of
TK ± (0.022± 0.002) K is calculated which is smaller thanTK = (0.32± 0.14) K obtained
from the above single-ion Kondo analysis of the data in figure 2. The LSQ values for the other
free parameters in equation (3) areρ0 = (44± 3)× 10−8 �m,A = (147± 10)× 10−8 �m
andγ = (116± 2).
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Figure 5. Temperature variation, on a log10T scale, of the 4f-derived Ce-molar electrical resistivity
ρmag(T )/(1− x) for various compounds in the system (Ce1−xNdx)Cu6 (see equation (4)). The
arrows indicate the temperature of magnetic ordering, which is observed as a distinct break in the
slope ofρmag(T ) for (Ce0.2Nd0.8)Cu6 (TN = 4 K) and (Ce0.3Nd0.7)Cu6 (TN = 3.2 K).

To further clarify the Kondo scattering in (Ce1−xNdx)Cu6, consider the magnetic resistivity

ρmag(T ) ' ρ(T )− ρph(T ) (4)

which is illustrated in molar formρmag(T )/(1 − x) in figure 5. ρ(T ) is the measured
resistivity,ρph(T ) is the Gr̈uneisen–Bloch temperature variation of electron–phonon scattering
parametrized for each compound in table 2, and 1− x is the Ce molar concentration. Figure 5
explicates the logarithmic temperature dependence over a wide range of temperature and Ce
concentration. At the lowest cerium concentration, the magnetic resistivity reaches a value
which is of the order of the unitarity limitρU ' (320±30)×10−8�m observed by Sumiyama
et al [31].

A break in the slope is evident for the molar electrical resistivity curves for compounds
with x = 0.8 and 0.7 in figure 5. This is interpreted as a signature of magnetic or spin-
glass ordering for (Ce1−xNdx)Cu6 samples withx > 0.7. No evidence of such ordering was
however observed for samples withx 6 0.6. For (Ce1−xGdx)Cu6 evidence for magnetic
ordering exists forx > 0.25 [33] and for (Ce1−xTbx)Cu6 for x > 0.68 [35]. Hence,ρ(T ) is
even more dominantly of single-ion Kondo character in the (Ce1−xNdx)Cu6 system than is the
case for (Ce1−xGdx)Cu6 and (Ce1−xTbx)Cu6.
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3.2. Magnetoresistivity

Figure 6 displays the temperature dependence of resistivity measured respectively in zero field
and in an applied fieldµ0H = B = 7.7 T for a number of (Ce1−xNdx)Cu6 alloys. A negative
magnetoresistivity defined as MR= {ρ(T , B) − ρ(T , 0)}/ρ(T , 0) is observed in all cases
for T 6 25 K. For thex = 0.15 compound, the zero-fieldT = 7 K peak is shifted up in
temperature toT = 10 K while forx = 0.4, an applied field of 7.7 T results in a maximum in
ρ(T ) near 4 K, which suggests the development of phase coherence between semi-screened
magnetic moments at lower temperatures [41]. At low temperatures the magnetic field has the
greatest effect on resistivity in the cerium-concentrated alloys. The application of a magnetic
field appears to have qualitatively the same effect as lowering the temperature of the system.
The resonant part of electron scattering is being frozen in both cases since the ground state
singlet becomes less polarizable. At higher temperaturesT > 30 K, the observed MR is
negligible.

In order to investigate the field dependence of resistivity, its response to a varying applied
magnetic field at a constant temperature was measured. Figure 7 illustrates isotherms obtained
in this manner. The dependent variable is chosen asρ(T , B)/ρ(T ,0). The effect of an applied
field on the resistivity of (Ce1−xNdx)Cu6 clearly increases with lowering temperatures as is

Figure 6. The temperature variation of electrical resistivity in zero field (◦ symbols) and
in B = 7.7 T ( symbols) for compounds withx = 0.15, 0.4, 0.7 and 0.8 in the system
(Ce1−xNdx)Cu6.
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Figure 7. The isothermal magnetic-field variation of electrical resistivity at a number of sample
temperatures for the representative compound (Ce0.6Nd0.4)Cu6. The data have been measured in
increasing and in subsequent decreasing fields and no magnetic hysteresis could be detected. The
solid lines in the main figure are LSQ fit results of the Bethe-ansatztheory of magnetoresistivity
(see text description and equation (6)). The temperature dependence of the characteristic field
B∗(T ) is plotted in the inset (• symbols) and LSQ fitted (solid line) against a linear function of
temperature (see equation (8)) to yield various parameters that are illustrated in figure 9.

also the case with increasing cerium content, see figure 8. It is observed in figure 8 that whereas
compounds withx = 0.15 and 0.4 exhibit a smooth dependence of resistivity on field this is not
the case for thex = 0.8 composition. This presumably indicates that effects due to magnetic
order are present in this compound at low temperatures. In pure single-crystalline NdCu6 at
T = 1.3 K, B = 8 T, a value of MR= +4% is measured [39] for the field parallel to either
the b- or c-axis. In higher fields the magnetocrystalline anisotropy becomes more severe.
The shape ofρ(T , B)/ρ(T ,0) for thex = 0.8 composition atT = 1.5 K shown in figure 8
presumably originates from the superposition of a negative MR imparted by the prevailing
Kondo interaction and positive contribution due to magnetic ordering which is averaged over
the crystallographic directions.

The solid lines superimposed on the measured data points in figure 7 are the results of an
analysis of magnetoresistivity following the calculations by Andrei [41] and Schlottmann
[42] for the Bethe-ansatzsolution of the Coqblin–Schrieffer Hamiltonian. The impurity
Kondo magnetization integral [42] leads in the Bethe-ansatz approach to the relative
4f-level occupation due to Zeeman splitting in an applied field, as well as to the quantity
ρ(T , B)/ρ(T ,0). Once the temperature-scaled thermal population of the impurity level is
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Figure 8. The T = 1.5 K isothermal magnetic-field variation of electrical resistivity for
(Ce1−xNdx)Cu6 compounds withx = 0.15, 0.4 and 0.8. The data measured in increasing and in
subsequent decreasing fields are shown.

known together with the field-scaled population of excited levels as a function of applied
magnetic field, the magnetoresistance for the Kondo model can be calculated via the scattering
phase shift [41].

For the Coqblin–Schrieffer class of Hamiltonians both the impurity magnetizationMi and
magnetoresistivity as given by Friedel’s sum rule can be expressed in terms of the occupation
numbersn` of the f levels. It is appropriate to consider the solution for total angular momentum
j = 1/2 for which an exact solution exists [42] although the free Ce3+ ion hasj = 5/2. This
is on account of the crystal-electric-field splitting which, for the orthorhombic symmetry of
the CeCu6 crystal, results in an effectivej = 1/2 moment as the ground state for the Ce ions
[50, 51]. Thus forj = 1/2, one obtains

Mi =
2j∑
`=0

(`− j)n` (5)

and

ρ(0)/ρ(B) = 1

2j + 1
sin2 πnf

2j + 1

2j∑
`=0

sin−2(πn`) (6)

wherenf gives the f-electron occupation. The integer-valence limit of the Coqblin–Schrieffer
approach to the degenerate Anderson model (nf → 1) is obtained by suppressing charge
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fluctuations, thus constraining the level occupation used in equation (6) and the splitting of the
(2j + 1) multiplet in a magnetic field as follows

2j∑
`=0

n` = nf = 1. (7)

In order to findρ(B)/ρ(0) we calculated the impurity magnetization numerically using
expressions by Andreiet al [52] valid for various field regions.

The exact zero-temperature solutions forj = 1/2 andj = 1 indicate thatρ(B)/ρ(0)
is completely determined by a single parameter, the characteristic fieldB∗ [42]. For finite
temperatures,B∗ depends on temperature and a linear relation has been indicated by Batlogg
et al [53]

B∗(T ) = B∗(0) +
kBT

gµK
= kB

gµK
(TK + T ) (8)

whereg is the Land́e factor and theµK is the effective magnetic moment of the Kondo ion and
TK is the Kondo temperature.

The experimentally observed data have been LSQ-fitted against the theoretical expressions
with the fits given as solid lines in figure 7. The inset shows that the characteristic fieldB∗

depends linearly onT to a good approximation. As can be seen from fits to the isotherms, this
theory gives a reasonable description of the measurements. Towards the lowest temperature
studied however, the Bethe-ansatzprediction progressively deviates from the data. This may
signal the importance of low-temperature electron scattering mechanisms other than that of
the single-ion Kondo interaction. It is noted that this description of the magnetoresistivity
ignores the field effect on non-elastic potential scattering which should be positive, and there
is furthermore no provision made for possible interaction effects between the localized Ce
magnetic moments.

The calculated parameters pertaining to the Bethe-ansatzdescription of the single-ion
magnetoresistivity for the compounds with 1− x = 0.2, 0.3, 0.4, 0.6 and 0.85 are collected
in figure 9. The indicated errors originate in the combined uncertainty from fitting equations
(6) and (8) to the data. It is noted that for the Nd-rich compounds with 1− x = 0.2 and
0.3, equation (6) was not fitted to the MR isotherms in which evidence of magnetic ordering
(below 6 K and 4 K respectively) were found. Similar to the zero-field results, the Kondo
temperature initially increases upon Nd substitutions for up tox ' 0.6, but a further increase
in the Nd content is observed to weaken the Kondo interaction. The observed trend inTK with
Nd substitution as well as the MR-derived magnitudes ofTK are in reasonable agreement with
the findings of the single-ion analyses of zero-field electrical resistivity (figure 3). An increase
in the effective cerium paramagnetic moment was reported for increasing Gd [33] or Pr [29]
substitution for Ce in CeCu6. A Bethe-ansatzanalysis of MR measurements for polycrystalline
CeCu6 [34] revealed a Kondo moment ofµK = 0.2µB. This value is only∼8% of the value
of the effective high-temperature paramagnetic moment value ofµ ' 2.54µB [7] and reflects
the Kondo screening of the local Ce moments in CeCu6 as the temperature is reduced. The
values ofµK that are depicted in figure 9 for compounds of (Ce1−xNdx)Cu6 are about 4% of
the value of the CeCu6 high-temperature paramagnetic moment.

The analysis of MR results in terms of the Bethe-ansatzsolution supports the concept of
a universal scaling of the field dependence of magnetoresistivity of single-ion Kondo systems.
In figure 10(a) the isothermal magnetoresistance data for (Ce0.6Nd0.4)Cu6 are plotted against
B/B∗(T ), using the LSQ values ofB∗(T ) (see inset, figure 7) and data at temperatures
1.56 T 6 35 K. Most of the isotherms are superimposed onto each other, as the Bethe-ansatz
scaling of magnetoresistivity predicts. Towards low temperatures, however, an increasing
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Figure 9. The Ce-concentration dependence of LSQ parameters for (Ce1−xNdx)Cu6 compounds:
The Kondo temperatureTK (a), Kondo momentµK (b) and the characteristic Kondo field
B∗(T = 0 K) (c) resulting from the Bethe-ansatzmagnetoresistivity analyses (see equations (6)
and (8) and figure 7). The solid lines are a guide to the eye.

deviation from the universal scaling relation becomes evident. This is presumably due to
the development of non-single-ion coherence effects. Kondo behaviour as well as the low-
temperature approach to the coherent state were recently investigated within the context of
a two-channel Anderson lattice by Anderset al [54]. The Kondo lattice is theoretically
approximated by considering an effective f site within the composite field of the lattice. It
was earlier observed [55] that the experimental data of the heavy-fermion system UBe13 scale
according to

ρ(T , B)− ρ(T , 0)
ρ(T , 0)

= F
[

B

(T ∗ + T )β

]
. (9)

Motivated by this result, Anderset al showed that their numerical results also scale in
accordance with equation (9) with the temperatureT ∗ = 0.006TK andβ = 0.39. In the
impurity case these parameters are expected to take on the valuesT ∗ = 0 andβ = 1/2
[54]. In figure 10(b), MR data for (Ce0.6Nd0.4)Cu6 are plotted againstB(T + T ∗)−β using
isotherms withT 6 4 K and with the valuesT ∗/TK = (0.1± 0.03) andβ = (0.3± 0.02).
It is noted that our fitted value ofT ∗/TK for Ce0.6Nd0.4Cu6 is an order of magnitude greater
than that given by Anderset al. The MR data that were measured at higher temperatures, i.e.
T > 6 K, deviate significantly from the clustering of the three isotherms shown in figure 10(b).
The scaling relation in equation (9) is intended for temperatures well belowTK, where phase
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Figure 10. Scaling of magnetoresistivity data for different isotherms as measured in fields up to
8 T is compared in (a) with the Bethe-ansatzformulation of the single-ion magnetoresistivity and
in (b) with the two-channel Anderson lattice scaling relation. The presentation of data in (a) is
an alternative form of the presentation in figure 7. Universal single-ion scaling over a wide range
of isotherms is followed in (a), but data at the lowest temperatures scale better to a two-channel
Anderson lattice relation as indicated in (b).

coherence sets in and the Fermi-liquid ground state develops. That scaling is observed for
the low-temperature isotherms, imply that some of the dynamics associated with the fully
compensated Fermi-liquid ground state, such as the lifting of degeneracy that is partially
achieved by applying a magnetic field, are already evident in the (Ce0.6Nd0.4)Cu6 compound
in the vicinity close to and below 4 K. Comparing figures 10(a) and (b), it is evident that at
low temperatures (T 6 4 K) equation (9) provides a more accurate scaling hypothesis for the
(Ce0.6Nd0.4)Cu6 magnetoresistivity isotherms than the Bethe-ansatzprediction.

4. Conclusions

Various effects of diluting Ce with Nd in CeCu6 have been demonstrated and discussed using
the temperature (1.5 6 T 6 550 K) and magnetic-field (B 6 8 T) dependence of electrical
resistivityρ. The Kondo screening mechanism that operates on cerium 4f moments is evident
in ρ(T ) for the substitutional series (Ce1−xNdx)Cu6. The behaviour is characteristic of an
assembly of isolated magnetic ions and the single-ion description adequately accounts for the
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overall features inρ(T ). The Kondo interaction survives below room temperature even in the
presence of a high concentration of Nd ions without any apparent effects of interactions among
ions of Ce, or of Ce with Nd. Long-range magnetic ordering associated with NdCu6 appears
when Nd is sufficiently concentrated, but it seems to have little effect on the parameters which
characterize the single-ion Kondo interaction.

The cooperative effects which appear below the Kondo lattice characteristic temperature
T0 ∼ 10 K in CeCu6 are very sensitive to Ce dilution with Nd. As the transition inρ(T ) to the
coherent regime is displaced to lower temperatures with increasing Nd content, the single-ion
Kondo behaviour becomes valid down to even lower temperatures. On the other hand, the
effect of an applied magnetic field onρ(T ) for a given compound is to mimic a growth of the
coherent regime and an apparent increase in the value ofT0.

The analyses of resistivity and magnetoresistivity data for the (Ce1−xNdx)Cu6 series
indicate the expected reduction of the Kondo moment (µK ∼ 0.1µB) from the high-
temperature free-ion moment. The increase ofTK with initial Nd substitution is qualitatively
in agreement with the decrease inTK observed when La is substituted for Ce in CeCu6, since
in the Nd case the lattice volume is decreased and in the La case it is increased.

The observed transport properties indicate an evolution from the phase-coherent Kondo
system, through single-ion Kondo behaviour to a magnetically ordered system as Nd is
substituted for Ce. It would be desirable also to make use of other experimental methods
to verify and characterize the apparent magnetic properties for large Nd substitutions. It is of
interest that theρ(T ) results for the (Ce0.6Nd0.4)Cu6 compound exhibit a linear temperature
dependence for 1.4 K 6 T 6 10 K, reminiscent of many non-Fermi-liquid materials [25, 56].
This behaviour may reflect that the system exhibits a quantum critical behaviour as a magnetic
phase transition is driven toT = 0 K in a composition of appropriate Ce concentration.
Extension of measurements to more values ofx and to lower temperatures are needed before
definitive conclusions can be reached.
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[18] Germann A, Nigam A K, Dutzi J, Schröder A and L̈ohneysen H v A 1988J. Physique Coll.49C8 755
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