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Abstract. The magnetism of the Kondo lattice compound CeAuAl has been investigated
through neutron scattering, magnetoresistance, transport and magnetic measurements. Neutron
diffraction at 1.5 K revealed a modulated antiferromagnetic structure. Inelastic neutron scattering
spectra showed two well defined crystal-field excitations at 24.2 meV and 45.8 meV. The crystal-
field parameters have been estimated from an analysis of the neutron spectra and susceptibility
data. An estimate of the Kondo temperature has been made by comparison of the low-
temperature negative magnetoresistance with Schlottmann’s scaling form for theJ = 1

2 Kondo
impurity. An analysis of thermoelectric power data has been made on the basis of Fischer’s
theory, which allows Kondo and crystal-field effects to be taken into account.

1. Introduction

In recent years experimental investigations on the ternary equiatomic compounds of type
CeTX (T= transition metal and X= metalloid) have attracted considerable attention due
to the range of unusual ground states which they possess. They include hybridization
gap insulators (‘Kondo insulators’) like CeNiSn and CeRhSb [1, 2] and ferromagnetic
Kondo lattices [3], as well as Kondo lattices exhibiting the more usual properties such as
magnetic ordering with reduced moments [4]. Crystallographic and magnetic studies of
CeTAl compounds, with T= Cu, Ni, Pd, Pt and Au, have been reported recently [5–8].
The compounds with T= Au and Pt crystallize in the orthorhombicε-TiNiSi-type structure
(space groupPnma), while those with T= Cu, Ni and Pd have the hexagonal ZrNiAl-
type structure (space groupP 6̄2m). The magnetic susceptibility of CeAuAl and CePtAl
exhibits a Curie–Weiss behaviour in the high-temperature regime with an effective magnetic
moment close to 2.54µB , indicating that the Ce ions are close to a stable trivalent state.
The susceptibility of CeNiAl and CeCuAl shows a weak temperature-dependent behaviour
indicating an intermediate-valence state for the Ce ions [6, 7].

We have been investigating CeTX compounds through neutron scattering, thermoelectric
power and high-field magnetoresistance measurements [9–11]. Our aim has been to
attempt a synthesis, as far as possible, in our understanding of the magnetic and transport
properties in the incoherent Kondo regime, where single-ion Kondo theory should obtain.
A key element in this endeavour is a detailed knowledge of the crystal-field wavefunctions
and the dynamical susceptibility, which can be deduced from inelastic neutron scattering
measurements. In the present paper we concentrate on CeAuAl which magnetization
and transport measurements identify as an antiferromagnetic Kondo lattice compound
[8]. Our inelastic neutron scattering studies of this compound show the presence of
two well defined crystal-field excitations at 24.2 meV and 45.8 meV. Evidence of an
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incommensurably modulated magnetic structure has come from a neutron diffraction study
at low temperatures. The Kondo temperatureTK ∼ 3.6 K has been estimated from an
analysis of magnetoresistance results on the basis of Schlottmann’s scaling for aJ = 1

2
Kondo impurity [12]. An analysis of thermoelectric power data for CeAuAl on the basis of
a Kondo plus crystal-field model proposed by Fischer [13] shows a good agreement between
experiment and theory.

2. Experimental procedure

Polycrystalline samples of CeAuAl were synthesized by arc melting the constituent elements
Ce, Au and Al, of purity 99.99% or better, under a high-purity argon atmosphere. Powder
x-ray and neutron diffraction were used to check the phase purity. The neutron diffraction
measurements were carried out using the D1B diffractometer at ILL Grenoble at 1.5 K and
8 K. The incident neutron wavelength was 2.52Å. Inelastic neutron scattering measurements
were carried out using the HET time-of-flight neutron spectrometer at the ISIS Facility,
Rutherford Appleton Laboratory, CLRC, UK. The thermoelectric power was measured
using the differential method: Pb wires of 99.999% purity were used as reference junctions,
across which the differential voltages (1V ) were measured. The temperature difference
(1T ) across the sample length was measured using a Au–Fe/chromel thermocouple. The
thermopower of the sample was calculated from the slope of the1V versus1T curve.
Magnetoresistance measurements in the temperature range 1.7 K to 14 K were carried out
using a four-probe ac technique and steady magnetic fields up to 12 T, with the current
flowing parallel to the applied magnetic field.

3. Results and discussion

3.1. X-ray and neutron powder diffraction

The analysis of the room temperature x-ray diffraction data revealed that CeAuAl crystallizes
in the orthorhombicε-TiNiSi-type structure with the lattice parametersa = 7.562(6) Å,
b = 4.589(3) Å and c = 7.727(4) Å. The numbers in parentheses are the errors in the
least-significant digit. The neutron diffraction pattern at 8 K was analysed using the Rietveld
procedure on the basis of thePnma space group, with the atoms in the crystallographic
4(c) sites. The lattice parameters and atomic positions obtained by least-squares refinement
area = 7.560(2) Å, b = 4.581(3) Å, c = 7.650(2) Å and xCe= 0.037(4), zCe= 0.688(1),
xAu = 0.197(1), zAu = 0.063(2), xAl = 0.322(1) andzAl = 0.412(2). A comparison of the
lattice parameters at 300 K (obtained from x-ray diffraction) and 8 K (obtained from neutron
diffraction) reveals that the lattice parametersa and b remain almost constant, while the
lattice parameterc shows a small contraction at low temperatures. The neutron diffraction
pattern at 1.5 K showed a number of extra peaks of magnetic origin. A preliminary analysis
shows that most of the observed strong magnetic peaks can be indexed assuming a modulated
magnetic structure described by a wave vectork = (0.69, 0, 0). The detailed analysis of
the magnetic structure is in progress and will be published elsewhere.

3.2. Inelastic neutron scattering

The inelastic neutron scattering measurements were made with 60 meV incident neutrons
using the HET time-of-flight spectrometer at ISIS. The sample was cooled to 16 K in a
top-loading closed-cycle refrigerator. The spectrum, summed over the two-metre detector
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Figure 1. The total phonon cross section of CeAuAl over the entire (Q,ω) grid at 16 K,
calculated using the Monte Carlo simulation algorithm (see the text).

bank (scattering angles between 11.5◦ and 26.5◦, with average scattering angle 19◦) has two
components, namely magnetic scattering from the cerium 4f electrons and phonon scattering.
Since the phonon scattering increases with the square of the neutron wavevector transfer, at
low scattering angles the phonon cross section is due largely to multiple-scattering processes
in which the neutron is scattered more than once in the sample through large angles. The
magnetic cross section, on the other hand, decreases with increasing wavevector due to the
4f form factor. In order to separate the magnetic and phonon scattering in the spectrum we
have scaled the scattering in the high-angle spectrum (scattering angle 135◦), in which the
magnetic scattering is negligible. The scaling factor was obtained by calculating the total
phonon scattering cross section for CeAuAl over the entire (Q,ω) grid, using a Monte Carlo
approach, as suggested by Osborn [14]. The method employs the single-phonon density
of states,Z(ω), as a kernel for the Monte Carlo calculation. This was estimated from
the measured high-angle spectrum: at a scattering angle of 135◦ the phonon scattering is
dominated by single-phonon processes, and so the measured cross section, after correction
for the population factor, is proportional toZ(ω)/ω in the incoherent approximation. The
Monte Carlo simulations used the DISCUS program, originally written by Johnson and
recently modified by Osborn [14]. The output of the simulations gave the single-phonon
scattering cross section, and the multiple scattering up to sixth order, fully corrected for
temperature, geometry and absorption. The latter is particularly important for the present
experiment because of the absorption cross section of gold.

The total phonon cross section calculated for a flat-plate sample of CeAuAl at 16 K
and an incident neutron energy of 60 meV is shown in figure 1 over the whole (Q,ω)
range. By taking the ratio of the total cross sections at angles 135◦ and 19◦, we then have
a scaling factor which allows us to estimate the phonon scattering in the low-angle bank by
scaling the measured scattering in the high-angle bank. Figure 2(a) shows the total scattering
(magnetic plus phonon) in the low-angle bank (points), while the histogram represents the
estimated total phonon scattering. The points in figure 2(b) show the difference between the
two curves in figure 2(a), the resulting spectrum representing the magnetic scattering from
CeAuAl. Two well defined inelastic peaks are seen centred at 24.2 meV and 45.8 meV.
These arise from crystal-field excitations of the Ce ions. The point symmetry of the Ce3+
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Figure 2. (a) Points: total neutron scattering from CeAuAl in the 2 m detector bank of the
HET spectrometer at 16 K for an incident neutron energy of 60 meV. The histogram shows the
estimated phonon scattering from scaling high-angle scattering. (b) Magnetic scattering (total
scattering minus phonon scattering) for CeAuAl. The solid line represents the fit (see the text).

ions in the orthorhombicε-TiNiSi-type structure of CeAuAl is very low and the ground
J = 5/2 multiplet splits into three doublets. Only two inelastic excitations are expected in
the neutron spectrum at low temperature, corresponding to transitions between the ground
state and the first and second excited states of the crystal-field-split multiplet. The small
peak near 13 meV (figure 2(b)) is probably a residual feature in the phonon scattering which
is not accounted for by the scaling procedure. The latter, after all, depends on the incoherent
approximation; while this gives a good representation of the phonon scattering over most
of the Q-range, one might expect to see some coherent features at small wavevectors,
especially in a sample with a largely coherent cross section.

The linewidth of the inelastic peaks is 3.5 meV which is considerably larger than
the instrumental resolution (0.6 meV). This indicates the presence of strong spin–lattice
coupling, presumably due to interactions between the 4f electron and the conduction
electrons; spin–spin interactions can probably be ruled out since intersite (RKKY)
interactions are weak in this compound, as can be judged by the low magnetic ordering
temperature (see section 3.3). Analysis of the crystal field using a superposition-model
approach [15, 16] shows that for the low point symmetry of the Ce3+ ion in CeAuAl the
crystal-field (CF) Hamiltonian has three rank-two and five rank-four terms:

HCF = B0
2O

0
2 + B1

2O
1
2 + B2

2O
2
2 + B0

4O
0
4 + B1

4O
1
4 + B2

4O
2
4 + B3

4O
3
4 + B4

4O
4
4. (1)
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Here theOm
n are the Stevens operators and theBmn are the crystal-field parameters.

The second-order CF parameters can be determined accurately from the single-crystal
susceptibility. At present single-crystal susceptibility data for CeAuAl are not available,
so we are obliged to vary all of the CF parameters independently. Clearly fitting eight CF
parameters using the positions and intensities of only two inelastic peaks in the neutron
spectrum is a rather underdetermined problem. However, we can be guided by similar Ce
compounds for which we have more information. The point symmetry and crystal-field
spectrum for CeAuAl are similar to those for CePdSn, and for CePdSn we have previously
obtained accurate values of all eight CF parameters from the simultaneous analysis of
single-crystal susceptibility and inelastic neutron scattering data [15]. We have therefore
used the CF parameters of CePdSn as a starting point in the CF analysis of CeAuAl. The
values of the CF parameters obtained from least-squares fits to the neutron spectrum of
CeAuAl are: B0

2 = 1.42, B1
2 = −3.17, B2

2 = 2.45, B0
4 = 0.02, B1

4 = 0.34, B2
4 = 0.16,

B3
4 = 0.05 andB4

4 = −0.04 (in units of meV). The solid line in figure 2(b) represents
the fitted neutron spectrum. The agreement between experimental and calculated results
is excellent. However, it is worth stressing that this set of parameters is probably not
unique: single-crystal susceptibility data would be a very useful check on the second-order
parameters.

Figure 3. The inverse magnetic susceptibility versus the temperature for CeAuAl; the solid line
represents the fit to equation (2) using the crystal parameters (see the text); the inset shows the
susceptibility versus the temperature.

3.3. Magnetization

The magnetic susceptibility of CeAuAl exhibits a peak at 3.8 K (see the inset in figure
3), indicating the onset of antiferromagnetic ordering of the Ce moments. In the high-
temperature regime the susceptibility exhibits Curie–Weiss behaviour with an effective
paramagnetic momentµeff = 2.5µB and a paramagnetic Curie temperatureθp = −35 K.
Deviations from Curie–Weiss behaviour are apparent below 50 K. These are attributed to
the effect of the CF splitting of theJ = 5/2 multiplet of the Ce3+ ion. The temperature
dependence of the susceptibility may be used as an independent check on the CF parameters
obtained from the analysis of neutron spectra in section 3.2. To this end the mean-field
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susceptibility was written as

χM = χCF

1− λχCF + χ0 (2)

whereλ is the mean-field constant representing the exchange coupling between the Ce ions
and χCF is the single-ion susceptibility calculated from the crystal-field parameters. A
temperature-independent Pauli susceptibilityχ0 was also included. The values obtained
from least-squares fitting the susceptibility data to the mean-field expression (2) are
λ = −10.45 mol emu−1 andχ0 = −1× 10−4 emu mol−1 respectively. The fit is shown
as the solid line in figure 3; the good overall agreement gives support to the validity of the
CF parameters. The negative sign ofχ0 indicates a small diamagnetic Pauli susceptibility
arising from the conduction electrons.

Figure 4. Top: magnetization versus field isotherms for CeAuAl at various temperatures.
Bottom: the differential susceptibility,∂M/∂B, versusB at various temperatures.

Magnetization isotherm measurements were carried out at various temperatures between
1.7 K and 10 K in applied fields up to 12 T (figure 4, top). At 1.7 K the magnetization
increases linearly with field up to 2.5 T, but exhibits a slight upward curvature above
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this field, followed by a tendency towards saturation at the highest fields. To show this
metamagnetic behaviour clearly we have plotted the differential susceptibility,∂M/∂B,
versusB in figure 4 (bottom). At 1.7 K,∂M/∂B exhibits a broad peak at a field of 3.8 T.
This peak becomes less pronounced at 2.6 K and has disappeared by 4.5 K. This suggests
that the metamagnetic transition is associated with the polarization of the antiferromagnetic
structure by the applied field belowTN . A rough estimate of the saturation magnetic
moment was obtained by extrapolation of anM versus 1/B plot to 1/B → 0: we find
µsat ≈ 1.4µB at 1.7 K. This value may be compared to the magnetic moment of the CF
ground state: using the above CF parameters we find that theb-axis is the easy direction
and that〈µb〉 = gJ 〈Jy〉µB = 1.56µB . Allowing for the uncertainties in the extrapolation
the agreement must be regarded as satisfactory.

Figure 5. (a) The normalized magnetoresistance,ρ(B)/ρ(0), versusB for CeAuAl at various
temperatures. (b)ρ(B)/ρ(0) versusB/B∗, whereB∗ is the scaling field. The solid line rep-
resents Schlottmann’s scaling curve forJ = 1/2. The inset showsB∗ versus temperature.

3.4. Magnetoresistance

Figure 5 (top) shows the normalized magnetoresistance,ρ(B)/ρ(0), of CeAuAl for applied
fields up to 12 T at various temperatures. At 1.7 K the magnetoresistance decreases
with increasing field without any clear sign of the metamagnetism. Between 4.2 K and
14 K the observed magnetoresistance behaviour of CeAuAl is similar to that observed
in single-ion Kondo systems. Schlottmann [12] has shown that the magnetoresistance in
the Kondo impurity problem can be calculated at zero temperature using Friedel’s sum
rule, which relates the scattering phase shift of an electron to the occupation number of
the corresponding energy levels. By applying the Betheansatztechnique to the Coqblin–
Schrieffer Hamiltonian, Schlottmann has obtained exact results for the occupation numbers
of Zeeman levels as a function of field forJ = 1/2 andJ = 1. For J > 3/2 only an
approximate solution is possible, which interpolates between the exact low- and high-field
results. Using these results, he has calculated the magnetoresistance of Kondo impurities
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for different angular momentaJ . His results show that the magnetoresistance exhibits a
universal behaviour as a function of the applied fieldB and temperatureT , for a given
value ofJ . This indicates that the underlying physics of the Kondo impurity is dominated
by a single energy scale (gJµB∗), which is related to the Kondo temperatureTK . The
temperature dependence of the scaling fieldB∗ is given byB∗(T ) = B∗(0) + kBT /gJµ,
where the zero-temperature scaling fieldB∗(0) (called the Kondo field) is related to the
Kondo temperature byTK = gJµB∗(0)/kB . HeregJ andµ are the Land́e factor and the
magnetic moment of the Kondo ion, respectively.

The first excited CF level in CeAuAl is at 24.2 meV, so at low temperature we can treat
each Ce ion as an effectiveJ = 1/2 impurity and we can analyse the magnetoresistance
data on the basis of Schlottmann’sJ = 1/2 scaling curve (solid line, figure 5, bottom).
In this plot the scaling fieldB∗ has been adjusted at each temperature to minimize the
deviation between the measured magnetoresistance and the scaling curve forJ = 1/2. The
values ofB∗ obtained from the analysis are plotted as a function of temperature in the inset
of figure 5 (bottom): this shows a linear behaviour, in agreement with the prediction above.
The value of the Kondo temperatureTK for CeAuAl, obtained from the slope and intercept
of this plot, is 3.6 K.

Figure 6. The thermoelectric power versus temperature for CeAuAl; the solid line represents
the fit to Fischer’s theory (see the text).

3.5. Thermoelectric power

Figure 6 shows the thermoelectric power (TEP) of CeAuAl as a function of temperature.
Above 150 K the TEP of CeAuAl is positive and weakly temperature dependent. Below
150 K it changes sign then shows a pronounced minimum at 50 K. The overall ‘tilde’ shape
of the anomaly is similar to that observed in many Ce-based Kondo lattice compounds [9].
This type of behaviour cannot be explained simply by considering the diffusion TEP arising
from either electronic or Hall conduction. It is also clear that the temperature scale for the
anomaly (∼150 K) is large compared to the Kondo temperature. It would appear that the
relevant energy scale is the crystal field, and that the anomaly arises from processes where the
conduction electrons scatter inelastically from the Ce ions, causing crystal-field transitions.
These processes are frozen out whenkBT � 1CF . It can be shown that the thermopower
depends on the integral ofετ(ε)(−∂f/∂ε) over ε, whereτ(ε) is the conduction electron’s
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relaxation time andε is the electron energy, relative to the Fermi energy. It follows that
inelastic scattering processes dominate the thermopower. Peschel and Fulde [17] were the
first to consider the thermopower in metals containing magnetic impurities with crystal-field-
split energy levels. They found a ‘resonance’ anomaly in the thermopower in perturbation
theory at orderJ 2V whereJ andV are the exchange- and spin-independent parts of the
sf scattering potential. Fischer [13] has extended this calculation to orderJ 3V and finds a
second contribution arising from the Kondo effect. The total diffusion thermopower may
then be written in the form

Sd(T ) = S(1)d (T )+ S(2)d (T )+ Slattd (T ) (3)

where

S
(1)
d = −A(πN(0))4J 3V S2

eff (T ) (4)

and

S
(2)
d = −A

π

6
N(0)3J 2V S̃f (T ). (5)

The last termSlattd (T ) is the lattice thermopower, expected for a non-magnetic equivalent of
the material being considered, e.g. in the present case LaAuAl. The lattice term is usually
small and varies linearly with the temperature. The termS(1)d above, which is of orderJ 3V ,
is the Kondo term, while theS(2)d term is equivalent to the resonance term calculated by
Peschel and Fulde. In cerium alloys which show the Kondo effect,J is negative, so the
two termsS(1)d andS(2)d have opposite sign. The temperature dependence of the two terms
results from the factors

S2
eff (T ) =

∫ ∞
−∞

dω

π

ωβ Imχf (ω)

(eωβ − 1)(1− eωβ)
(6)

and

S̃f (T ) = 2
∫ ∞

0
dω Imχ⊥f (ω)q(ωβ). (7)

In equation (7) the factorq(x) is given by

q(x) = x
[

1+ x

2π
ψ ′
(

ix

2π

)]
(8)

whereψ ′(z) is the trigamma function. Both factors (6) and (7) involve integrals over the
dynamical susceptibility of the f electrons, but the temperature dependence of the integrands
is quite different. As a result the total thermopower can change sign as a function of
temperature.

Having the thermopower expressed in terms of the dynamical susceptibility is very
convenient since we can calculate Imχf (ω) directly from our model for the crystal field,
using the standard RPA result. We find that the temperature dependence of the calculated
TEP has the correct form as long as we omit the elastic (‘Curie’) components of Imχf (ω):
this has the effect of decreasing the magnitude of theS

(1)
d -term at low temperatures. This is

justified by our remark earlier in this section that the thermopower is dominated by inelastic
processes. It is likely also that nearly elastic scattering processes will be suppressed at low
temperatures by either magnetic order or the onset of coherence due to the translational
symmetry of the lattice.

The dynamical susceptibility Imχf (ω) was calculated from the parameters used to fit
the neutron spectrum (figure 2(b)). The two factors (6) and (7) were then calculated as a
function of temperature by numerical integration. In calculating theS

(1)
d -term, we have used
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the Suhl–Nagaoka correction forS(1)d (equation (68) in reference [13]) which introduces the
Kondo temperatureTK as an extra parameter [18]. This modifies (4) above by introducing
a dividing factor [ln2(TK/T )+ π2S(S + 1)]3/2. The TEP data were fitted using the form

Sd(T ) =
aS2

eff (T )

[ln2(TK/T )+ π2S(S + 1)]3/2
+ bS̃f (T )− αT (9)

whereαT is a small normal-metallic contribution. The value of the Kondo temperature
was kept fixed atTK = 3.6 K during the least-squares fitting. The parametersa, b and
α were allowed to vary in order to minimize the deviation between the experimental and
calculated TEP. The solid line in figure 6 shows the calculated TEP;S = 1/2 was taken
for this calculation. The values ofa, b andα and obtained from the least-squares fit were
227.2, 0.132 and 0.027µV K−2). The agreement with the data is quite good, in particular
the shape and position of the minimum near 50 K is well fitted.

4. Conclusions

The compound CeAuAl has been characterized using transport, magnetic and neutron
scattering measurements. Neutron diffraction measurements reveal an incommensurable
magnetic structure at 1.5 K. Inelastic neutron scattering studies show the presence of
two well defined crystal-field excitations with an overall splitting of 45.8 meV. The
crystal-field parameters have been obtained from the analysis of the neutron spectra. The
magnetoresistance shows an excellent scaling with theJ = 1/2 model of Schlottmann. The
Kondo temperature,TK has been estimated to be 3.6 K from the magnetoresistance scaling.
The observed thermoelectric power of CeAuAl shows good agreement with that calculated
using Fischer’s theory. CeAuAl belongs to the class of Kondo lattice compounds in which
the two competing energies, the Kondo energy (kBTK ) and the intersite exchange energy
(kBTRKKY ) are comparable. It is likely that the magnetic ordering temperature is suppressed
by the Kondo interactions.
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