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Abstract. We present measurements of the specific heat, the electrical resistivity, the Hall effect, and
the magnetic susceptibility of CeAuAls, a new heavy—electron compound that crystallizes in an ordered
derivative of the tetragonal BaAls—type structure. For comparison we have also done some of these mea-
surements on the isostructural non—-magnetic reference compound LaAuAls, which appears to be a simple
metal. Below Ty = 1.32K, CeAuAls orders antiferromagnetically and below 1K, we encounter Fermi liquid
behaviour with considerably enhanced effective masses, i.e., a quadratic temperature dependence of the
resistivity with a large prefactor and a sizable linear—in—T" contribution to the specific heat. This linear—
in—T' contribution increases by more than a factor 50 from its value at T' > Tx to its value at T < Tn.
Consequently CeAuAls develops a heavy—electron ground state, coexisting with antiferromagnetic order.
The small energy scales involved in the problem make CeAuAls a good candidate for tuning it, by varying
external parameters, towards a quantum critical point. At high temperatures we observe local moment
behaviour. From the temperature dependence of the magnetic susceptibility and the specific heat we have
derived the crystalline—electric-field-split level scheme of the Ce®*' J = 5/2 multiplet. Distinct features in
the electrical resistivity provide additional evidence for this level splitting.

PACS. 75.20.Hr Local moment in compounds and alloys; Kondo effect, valence fluctuations, heavy fermions

— 75.50.Ee Antiferromagnetics — 72.15.-v Electronic conduction in metals and alloys

1 Introduction

Heavy—electron compounds containing Ce have attracted
a great deal of attention in the past and are still at
the focus of interest today. Considered as particularly in-
triguing are those compounds in which the Kondo and
the Rudermann—Kittel-Kasuya—Yosida (RKKY) interac-
tion are of similar strength. Such a situation may arise
if the hybridization width A ~ 7(V)2N(Er) (where Vit
is the hybridization strength and N(Ep) is the density of
states at the Fermi level Er) is smaller than, but compara-
ble to the position of the 4f level (Ef) relative to the Fermi
level Ey = |Es — Er| [1]. Magnetically ordered Kondo lat-
tice systems with reduced moments are expected in this
case and have indeed been observed experimentally [2,3].

According to Hulliger [4], both CeAuAl; and the re-
ference compound LaAuAls crystallize in the BaNiSng—
type structure, which is an ordered derivative of the
body centered tetragonal BaAly structure. For CeAuAls
Schank et al. [5] came to the same conclusion. The room
temperature lattice parameters cited in reference [4] are
a = 4.3318(2) A and ¢ = 10.8390(7) A for CeAuAls, and
a = 4.3660(3) A and ¢ = 10.8445(8) A for LaAuAls. The
point group of CeAuAls is Cyy, (or 4 mm) and the sym-
metry of the Ce site is Cyy as well.
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To our knowledge the only published data on phys-
ical properties of CeAuAls are results of resistivity and
magnetic susceptibility measurements [5] in the temper-
ature range T > 2 K and magnetic susceptibility mea-
surements [4] at T > 1.6 K. A variety of observations,
including heavy—electron antiferromagnetism, Kondo ef-
fect, and crystalline electric field effects, have been made
in studies of the series of CeTMAl; (TM = Pd, Pt, Cu)
compounds [5-7]. The related compound CeAuGag has
been reported [8] to order ferromagnetically below 3.5K. A
direct comparison with CeAuAls is, however, not straight-
forward because these other compounds were claimed
to crystallize, unlike CeAuAls, in a disordered variant
of the BaAly structure. For CeAuAl, which crystallizes
in an orthorhombic TiNiSi—type structure, Kondo lattice
behaviour and antiferromagnetic ordering have been re-
ported [9,10]. The Ce-Ce distance in CeAuAls is with
4.3318(2) A larger than in CeCuAl;, in CePtAl;, and
in CeAuAl [11], and smaller than in CePdAl; and in
CeAuGag.

2 Samples and experimental details

All the measurements on CeAuAls presented in this pa-
per were done using samples cut from the same poly-
crystalline CeAuAls ingot. Likewise, all measurements
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on the reference compound LaAuAls reported below were
done using samples cut from the same polycrystalline
LaAuAl; ingot. Both materials were synthesized follow-
ing the procedure given in reference [4] by reacting the
constituent elements (Ce and La from Research Chemi-
cals, Phoenix, nominally 3N grade; Au from Métaux Pré-
cieux, Neuchéatel, nominally grade 4N; Al from Alusuisse,
Neuhausen, nominally grade 4N7) in an argon arc fur-
nace, and they were subsequently annealed for one month
at 750 °C and at 735 °C, respectively.

The specific heats C}, of CeAuAl; and LaAuAls were
measured in the temperature range between 0.044 and
16.2 K and between 1.7 and 20 K, respectively, using
a relaxation type method. The electrical resistivities of
CeAuAl; and LaAuAls were measured between 0.3 and
300 K and between 1.5 and 300 K, respectively, using a
standard four—wire low—frequency ac technique. The Hall
effect of CeAuAls was measured at several temperatures
between 130 and 250 K in magnetic fields up to 70 kOe.
A standard setup with the two Hall voltage contacts per-
pendicular to the current I and to the magnetic field H
was used. In order to eliminate the misalignement voltage,
the sample was, at each field value, first measured in an
upright position, then turned by 180°, and subsequently
measured in a downward position. During a sweep of the
magnetic field, the temperature was stabilized with a ca-
pacitance thermometer.

The static magnetic susceptibilities x of CeAuAls and
LaAuAl; were measured between 2 and 300K in an exter-
nal magnetic field of 5000e using a moving sample SQUID
magnetometer. Between 0.3 and 2.5 K, we measured the
ac susceptibility of CeAuAls by a conventional mutual in-
ductance technique with an excitation field of 0.1 Oe and
a frequency of 420 Hz. We matched these data to the dc
results in the overlapping temperature range between 2
and 2.5 K.

3 Experimental results and discussion
3.1 Specific heat

In Figure 1 we present the specific heat C}, of CeAuAls as
a function of temperature as full circles. The most promi-
nent feature is a A—type anomaly with a maximum at
Tn = 1.32K. Together with results from our magnetic sus-
ceptibility measurements to be outlined below, we identify
this anomaly as resulting from the transition to an antifer-
romagnetically ordered state below the Néel temperature
Tn.

In the following we attempt to separate the different
contributions to the total specific heat C, of CeAuAls.
The A\—type anomaly makes a direct evaluation of the lat-
tice contribution unreliable. Therefore we shall use our
specific heat measurements of LaAuAlz to determine this
contribution indirectly by assuming that the lattice con-
tributions of LaAuAls and CeAuAls are the same. This is

The European Physical Journal B

- ;%\5’ T T T T T T 17T a
> 5 Srgm 7
6 & £ e- -
= 4 -
L & 22 ° ° -
r .’ = 3r ] . .
~—~~ D
X ':'QZ_ . ] . T
O 4L ° g 1+ 4 R R
g —5 [ \—4
) ° Q/
~— L o
[
S [#s
2%
[
-8
-§ 1.32
o] S/
0
Fig. 1. Temperature dependence of the molar specific heat

Cp of CeAuAls (full circles) and of LaAuAls (full squares).
The A—type anomaly has its maximum at 1.32 K. The open
circles represent Cp, — C1, of CeAuAls, where CY, is the lattice
contribution of LaAuAls. The solid curve is the fit according to
equation (3). The inset shows (Cp, — Cr, — Cs)/T versus log T,
where Cs is the contribution due to the Schottky anomaly.

most probably not too crude an approximation since the
two compounds have the same crystal structure and only
slightly different ionic masses and cell parameters.

3.1.1 Specific heat of LaAuAl;

The specific heat of LaAuAl; is shown in Figure 1 as full
squares. At low temperatures, Cp(T") of LaAuAls is well
described by the common low—temperature electronic and
lattice contributions, i.e.

CP :7T+5T37 (1)

as is shown in Figure 2. Fitting the data between 1.7 and
3.1 K (open circles in Fig. 2) to equation (1), we obtain
v = 3.5 mJ/molK? and 3 = 0.24 mJ/molK*. The total
lattice contribution Cf, is determined by

CL = Cp - VT, (2)

with the « value given above. The resulting lattice contri-
bution Cf, of LaAuAls is now subtracted from the total
specific heat Cp, of CeAuAls. The result, Cp, —Cr, is shown
as open circles in Figure 1.

3.1.2 Specific heat of CeAuAls above Ty

It is obvious from Figure 1 that after the subtraction of
C1, there remains a pronounced high-temperature contri-
bution to the specific heat of CeAuAls. For symmetry rea-
sons the sixfold degenerate J = 5/2 multiplets of the Ce**
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Fig. 2. Specific heat C;, of LaAuAls plotted as Cp, /T versus
T2. The solid straight line is the best fit to the data between
1.7 and 3.1 K (open circles) according to equation (1).
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Fig. 3. Total specific heat Cp, minus the lattice contribution
Ch, versus temperature T' for CeAuAls on a log-log plot. The
curve is the best fit to the data shown as open circles using
equation (6). The inset shows the entropy for electronic degrees
of freedom per CeAuAls formula unit, S/R, as a function of T'.

ions are split into three doublet states. Therefore we as-
sume that for T' < 20 K this excess specific heat may in a
first approximation be described by a Schottky anomaly

(A/kgT)? exp (A/kgT)
(1+exp(A/ksT))?

Cs = as (3)

resulting from excitations between two doublet states with
an interlevel energy separation A. A fit of the data above
10 K, with ag fixed to considering one doublet ground
state and one doublet excited state per Ce atom, yields
A/kpg = 57K. The fit is shown as a solid curve in Figure 1.
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As is shown in the inset of Figure 1, below 10 K
(Cp — Cr, — Cs)/T increases gradually with decreasing T
to 1.6 J/mol K? at 1.6 K, where a steeper increase sets
in. While we attribute this steeper increase to the onset
of the cooperative antiferromagnetic phase transition, the
more gradual increase of (Cp, — CL, — Cg)/T from 10 to
1.6 K may, at least in part, be due to the onset of heavy—
electron behaviour. However, a reliable determination of
the itinerant—electron contribution v7" to the specific heat
in this temperature range is not possible because it cannot
easily be distinguished from a likely contribution due to
short range magnetic order fluctuations. An estimate of ~
from our Hall effect data at temperatures well above Ty,
to be presented below, yields v = 4.4mJ/molK?, i.e., there
is virtually no enhancement above the value of LaAuAls.

3.1.3 Specific heat of CeAuAls below Ty

Next we analyse the specific heat of CeAuAls at tem-
peratures below Tx. We consider three contributions to
Cp — CL: an electronic contribution C, = ~T', a nuclear
hyperfine contribution Cy, and a magnetic contribution
Ch. Cy is the specific heat due to excitations between
hyperfine—split nuclear energy levels. Such a splitting may
be induced either by the interaction of a nuclear—spin mo-
ment with an internal magnetic field or by the interaction
of the nuclear quadrupole moment with an electric field
gradient. At temperatures large compared to the energy
splitting, the corresponding Schottky anomaly can be ap-
proximated by

Cn = aNT_Q. (4)
As a magnetic contribution C,, we consider the specific
heat due to spin—wave excitations which for a three—
dimensional antiferromagnet with a linear spin—wave dis-
persion relation at T < Ty is predicted to be [12]

8w°R (T \°
15 6.) "’
where ©. is a fit parameter of the order of the Néel tem-

perature.

As is shown in Figure 3, the C}, — Cr, data of CeAuAls
can very well be described up to approximately Tx/5 by

(6)

Cop = annT? = (5)

Cp_CL:CN+Ce+Cm
with an = 41pJK/mol, v = 227 mJ/molK?, and ay, =
10.1J/ molK*. The energy splitting corresponding to any =
41pJK /mol is kpT,, with T, = 4.4 mK. Since Tj, is one
order of magnitude smaller than the lowest temperature
reached in our C}, measurements, the approximation lead-
ing to equation (4) is appropriate here. The value obtained
for ay, appears to be reasonable. From equation (5) we cal-
culate ©. = 1.63 K, which is indeed of the order of Ty.
The v value determined below Ty is about 50 times higher
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Fig. 4. Temperature dependence of the electrical resistivity
p(T) of CeAuAls (open circles) and of LaAuAls (open squares).
The full circles represent p — ppn of CeAuAls, obtained as ex-
plained in the text. The inset shows p(T") of CeAuAls below
20 K.

than the one estimated from the high—temperature Hall ef-
fect data. This indicates that CeAuAls turns into a highly
correlated electronic system only at very low temperatu-
res. The linear temperature dependence of the electronic
specific heat with a - value strongly enhanced over the
free electron value is the Fermi-liquid behaviour typically
observed in Kondo lattice systems at temperatures below
the characteristic temperature 7. As usually found exper-
imentally, the fictitious Fermi temperature T} associated
with the molar Sommerfeld coefficient via v = 72 R/(2T})
is, with 180K, considerably larger than the characteristic
temperature T*.

3.1.4 Entropy due to electronic degrees of freedom

In the inset of Figure 3 we show the entropy of CeAuAls
from electronic degrees of freedom calculated from

[T C,—CL—Cx
S(T) = /O —b———dT. (7)

At approximately 4.5 K, the entropy per CeAuAl; formula
unit, S/ R, reaches In2, indicating that the phase transi-
tion is due to a magnetic instability which involves the
splitting of a doubly degenerate ground state. The tem-
perature of 4.5 K, which is distinctly higher than the Néel
temperature Ty = 1.32 K, may serve as an estimate of the
Kondo lattice temperature 7.

3.2 Electrical transport

In Figure4 we present the temperature dependence of the
electrical resistivity p(T") of CeAuAls and of LaAuAl; as
open circles and open squares, respectively.

300
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3.2.1 Electrical resistivity of LaAuAls

The resistivity of LaAuAls decreases linearly with temper-
ature from 300 to approximately 70 K. At lower tempera-
tures, p tends to saturate to a constant value. The resid-
ual resistance ratio is p(300 K)/p(0 K) = 4.1. The simple
temperature dependence of p suggests that the dominant
scattering mechanisms in LaAuAls are elastic impurity
and defect scattering and electron—phonon scattering, re-
sulting, with Matthiessen’s rule, in

p(T') = pimp + ppu(T). (8)

The impurity or defect contribution is pimp = 38.2 pufdem.
The phonon contribution varies approximately as ppn =
aT? at T < 20K, and as pph = T at T > 70 K,
as expected from the Bloch—Griineisen description of
ppn(T). The corresponding fits to the data yield ¢1 =
1.7 x 1077 pQem/K5 and ¢y = 0.456 x 107 pQem/K.
The ratio of the theoretical Bloch—Griineisen expressions
for p(T1) and p(T») with T3 < © < T, results in [13]
Of = 498cs/cq, from which we calculate the Debye tem-
perature @p = 190 K. From the 8T term of the specific
heat of LaAuAls determined above we calculate a Debye
temperature of 160 K, if the Debye approximation is ap-
plied only to the acoustic branches of the vibrational spec-
trum. Since this latter approximation gives a lower limit
for the Debye temperature, the agreement between the Op
values estimated from both the resistivity and the specific
heat data may be judged as satisfying.

3.2.2 Electrical resistivity of CeAuAls

The residual resistance ratio of CeAuAls is
p(300 K)/p(0 K) = 4.6. From 300 K down to ap-
proximately 180 K, the temperature dependent term of
p(T) of CeAuAl; decreases roughly linearly. Towards
lower temperatures, downward deviations from this linear
behaviour set in. To better emphasize these deviations
from linearity, we assume that the phonon contribution
pph to the resistivity p of CeAuAls is the same as ppp
of LaAuAl; and we plot p — ppn of CeAuAls as full
dots in Figure 4. Below 20 K, the phonon contribution
to p(T) is less than 1% and consequently the p(T) and
the (p — ppn)(T) curves of CeAuAls in Figure 4 merge.
The remaining resistivity (p — ppn)(T) decreases rather
gradually from 300 K down to approximately 60 K, where
a steeper decrease sets in. Together with the results of our
magnetic susceptibility measurements, to be outlined be-
low, we attribute the downward curvature of (p — ppn) (1)
with decreasing T' to a reduced scattering when T is
comparable to or less than the crystalline—electric—field—
induced energy splitting of the Ce*tJ = 5/2 4f electron
levels.

Between 8 and 4 K, we observe a plateau in p(T") with
p = 68.9 uQlem, followed by a rather steep decrease of
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Fig. 5. Electrical resistivity p of CeAuAls wersus T2 for

T < 2 K. The open circles are the data points that were used
for the fit according to equation (9), which is shown as a solid
line.

p(T) with T down to the lowest measured temperature of
0.38 K. Below 1 K, p(T') is well approximated by

p(T) = po + AT?, (9)
with pg = 56.5uQcm and A = 5.0 uQ2em/K? as is shown in
Figure 5. The contributions py and AT? of equation (9) are
usually attributed to impurity scattering and to electron—
electron scattering, respectively. The magnitude of the co-
efficient A is comparable to that of values found in heavy—
electron compounds. It is unusual that a T2 dependence
persists up to 0.87y. In particular, no magnetic contri-
bution py, o< T2, that may be expected when considering
the spin—wave contribution to the specific heat Cy, oc T3
discussed above, may be identified. In Kondo lattice sys-
tems the transition to Fermi-liquid behaviour with p oc T2
is expected at temperatures well below the Kondo lattice
temperature T* [1]. Since the 72 dependence persists up
to 1K for CeAuAls we expect a Kondo lattice temperature
of at least several Kelvin, in agreement with our estimate
of T* =~ 4.5 K from the temperature dependence of the
electronic entropy.

The resistivity at the plateau between 4 and 8K may be
attributed to the sum of a temperature independent mag-
netic resistivity p and the residual defect contribution
po- With pg = 56.5 uQcm from above, p = 12.4 uQdcm.
The decrease of the magnetic resistivity p,(T') below 4 K
reflects the reduction of spin fluctuations as the magnetic
ordering sets in. However, the temperature at which pp,
starts to drop is considerably higher than the Néel tem-
perature Ty = 1.32 K. A possible second source for this
drop of pm(T) is the onset of coherence in a Kondo lat-
tice, which leads to a reduction of spin fluctuations by
suppressing the magnetic moment on each Ce site.
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3.2.3 Hall effect of CeAuAl;

At all measured temperatures between 130 and 250K, the
Hall voltage Vi varied approximately linearly with the
external magnetic field H and with the current I. The
Hall coefficient, given by

Vud

R =
U ThoH

(10)

with the sample thickness d and the permeability of free
space g, is approximately temperature independent with
an average value Ry = 7 X 1011 C/m3. The sign of Ry
is positive indicating that the charge carriers are predom-
inantly hole like. The Hall mobility uy = Ru/p at 200 K
is, with 0.3 cm?/Vs, quite low. We estimate the charge
carrier concentration from n = 1/(|Rue|), where e is the
electronic charge, to be n = 9 x 10?2 cm~3, which corre-
sponds to approximately 9 charge carriers per CeAuAls
formula unit. In a free electron approximation with an
effective mass ratio m/mgy = 1, this charge carrier con-
centration is compatible with an electronic specific heat
coefficient v = 4.4 mJ/molK?, as mentioned above.

3.3 Magnetic properties
3.3.1 Magnetic susceptibility of LaAuAl;

As expected, the magnetic susceptibility of LaAuAls is
small compared to the magnetic susceptibility of CeAuAls
(smaller by three orders of magnitude at 2 K). It is thus
justified to associate the magnetic properties of CeAuAls
solely with the presence of the Ce 4f electron. The small
measured magnetic susceptibility of LaAuAls is most
probably extrinsic and might, for example, be due to some
small amount of rare earth impurities in LaAuAls. In-
deed, we may approximate x(7') of LaAuAls below 5 K
by a Curie-Weiss law with @, = —2 K and an effective
moment of 0.14 up per formula unit. In the case of Ce®™
impurities, this corresponds to 2 ppm Ce3" impurities per
LaAuAlsz formula unit.

3.3.2 High temperature magnetic susceptibility of CeAuAls

In Figure 6 we present the dc magnetic susceptibility of
CeAuAl; in the form 1/x versus T. The two curves were
obtained with two different sample orientations with re-
spect to the direction of the magnetic field. Since the as-
pect ratio of the sample is close to one, the demagneti-
zation factor is very similar for all sample orientations.
For temperatures above 30 K we estimate the demagneti-
zation field to be smaller than 0.5 % of the applied field.
The lack of coincidence of the two curves in Figure 6 thus
indicates that the crystallites in the bulk sample are not
randomly oriented but have some preferential orientation.
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Fig. 6. Inverse dc magnetic susceptibility 1/x versus temper-
ature T" of CeAuAls. x is taken per ion and normalized to the
Curie constant of a free Ce®*T ion, Coes+ = pZguo/(3ks) with
Pest = 2.54up. The two curves were obtained with two differ-
ent orientations of the sample with respect to the direction of
the magnetic field. The straight lines represent fits according
to equation (11) to the data in the temperature range above
200 K (open symbols).

Since the structure of CeAuAls is tetragonal, it is not sur-
prising that a certain direction may be privileged during
the synthesis of the material.

At T > 200 K, the data may be approximated by a
Curie-Weiss law

Pgho

S (T — Oy) (11)

Xper ion =

with the effective moment peg = (J(J + 1)g2u3)'/? =
2.61up and the paramagnetic Curie temperature @, =
7.4 K for orientation 1. For orientation 2, p.g = 2.55up
and @, = —33K. The p.g values are close to peg = 2.54p8
of a free Ce®" ion, for which J = 5/2 and g; = 6/7. In
the following section we demonstrate that the x(7') data
in the temperature range 7' > 30 K ~ 20 Ty may very well
be described if the effect of the crystalline electric fields
(CEF) on the six—fold degenerate J = 5/2 ground state
multiplet of free Ce*" is taken into account.

3.3.3 Crystalline electric field (CEF) effects

As mentioned above, the point—group symmetry of the Ce
site in CeAuAls is Cyy. According to point—group theory
[14] the operator equivalent crystal-field Hamiltonian re-
duces to

H. = BYOJ + B0} + B1O; (12)
where the O]" are operator equivalents and the B/™ are
proportional to the crystal field parameters A;". Using the
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Fig. 7. Dc magnetic susceptibility x multiplied by the temper-
ature T as a function of log T'. x is taken per ion and normalized
to the Curie constant of a free Ce*" ion, Ceatr = p2gpo/(3kB)
with peg = 2.54up. The circles and the squares represent the
data taken on the same specimen of CeAuAls, but with two
different sample orientations with respect to the magnetic field
H. The curves represent fits using the CEF model explained
in the text to the data in the temperature range above 30 K
(open symbols).

matrix elements <5/2,Mé/2|01m|5/2,M5/2> with My, =

+5/2, £3/2, and £1/2, tabulated by Hutchings [15], and
diagonalizing the energy matrix it is found that the J =
5/2 multiplet splits into three two—fold degenerate levels,
one of which consists of the pure |+1/2) states and the
other two of which are linear combinations of the |+3/2)
and |£5/2) states.

The magnetic susceptibility due to non—interacting
moments, to second order in the magnetic field H, is given
by [16]

(B))? @) (0)
MOZ kBiT_2E" exp (—E,," /ksT)

Xper ion —
P S exp (—EY) /kpT)
(13)

where the E,(f) are the energy corrections for the n—th
level of i—th order in H. In general these corrections are
different for H parallel and perpendicular to the c—axis of
the crystal lattice, leading to x| and x,. The magnetic
susceptibility of a polycrystalline sample may be written
as

x=Cyx)+ 1 —Cpxu- (14)

For randomly oriented crystallites, C}| = 1/3.

In Figure 7 we replot the x(7") data of Figure 6 in the
form xT wversus logT. This presentation is most suitable
for the study of CEF effects since it clearly reveals devia-
tions from a Curie-Weiss type behaviour. A Curie-Weiss
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Fig. 8. Temperature dependence of the ac magnetic suscep-
tibility x(7") of CeAuAls below 2.5 K. x is the volume suscep-
tibility expressed in SI units. The inset shows the numerical
derivative dx /0T, calculated from the x(7') data.

law with @, = 0 corresponds to a horizontal line in this
plot, a positive value of O, is reflected by a negative slope
of XT(T) and vice versa. The fit parameters are the en-
ergy separations kg1 and kg7 of the first and the sec-
ond excited doublet from the ground state doublet, the
ratio & = aigz/a/a1s5/; of the coefficients of the [+3/2)
and |+5/2) states in the linear combinations, and the co-
efficient C) for each of the two sample orientations. A
very good agreement between theory and experiment is
obtained for the following set of parameters: 71 = 57 K,
T = 265K, a = 8.7, C; = 0.11, and Cjo = 0.55, where
|£1/2) is the ground state doublet, |+3/2) with a small ad-
mixture of |+5/2) is the first excited doublet, and |+£5/2)
with a small admixture of |£3/2) is the second excited
doublet. The parameter 71 was chosen as the temperature
A/kp characterizing the Schottky anomaly of the specific
heat, determined in Section 3.1.2, the other parameters
result from the fitting procedure.

The result of the fitting procedure of the data at
T > 30 K is shown as the solid curves in Figure 7. The
agreement is excellent for 7" > 30 K. The deviation of
the data from the extrapolation of the fit to temperatu-
res below 30K is attributed to the growing importance of
other interactions with decreasing temperature. The neg-
ative and positive slope of the curves at T' > 100 K reflect
a positive and a negative value for @, in our Curie-Weiss
fits of Section 3.3.2, respectively. At the highest measured
temperatures the x7T'(T') data, which have been normal-
ized to the Curie constant of free Ce*" ions, tend to con-
verge to the value one, i.e., the expected behaviour of an
ensemble of free Ce3" ions is indeed approached at ele-
vated temperatures.
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3.3.4 Magnetic susceptibility of CeAuAls close to Ty

In Figure 8 we show the ac magnetic susceptibility x of
CeAuAl; as a function of temperature below 2.5 K. x(T")
has a maximum at 1.32 K, an inflection point at 1.09 K,
and a very shallow minimum at 0.72 K, as is emphasized
by the inset of Figure 8, showing the derivative dx/0T
versus T. The temperature of the maximum of x(T") co-
incides with the temperature of the maximum of the spe-
cific heat anomaly shown in Figure 1 and thus supports
the phenomenological choice of the Néel temperature Ty.

The Pauli susceptibility that one may associate with
the v value of 227 mJ/molK? derived from the low—
temperature specific heat data is, with 6.4 x 104, small

2.5 compared to the magnetic susceptibility observed below

IN.

4 Conclusions

This comprehensive study of thermodynamic and electri-
cal transport properties of CeAuAls allows to classify this
compound as a heavy—electron antiferromagnet.

The analysis of the data is made easier and more reli-
able because of the simple metallic behaviour of the non—
magnetic reference compound LaAuAls. The features of
the specific heat C},, the magnetic susceptibility x, and
the electrical resistivity p of CeAuAls may thus unambigu-
ously be associated with the presence of the 4f electron of
Ce.

The temperature variation of the magnetic susceptibi-
lity at high temperatures is interpreted in terms of crys-
talline electric field (CEF) effects. The energy separations
of the first and second excited doublet with respect to
the ground state doublet derived in our analysis are k11
and kgTy;, with 71 = 57 K and 117 = 265 K. Thermal
excitations to the first excited doublet are manifest in a
low—temperature tail of a Schottky anomaly of the specific
heat. The falloff of p(T") below T1 and the more gradual
decrease of p(T') below Ty reflect the reduction of scatter-
ing from a magnetic doublet with decreasing 7" and are,
as such, evidence for a non—negligible interaction of the
conduction electrons with the localized 4f electrons.

The distinct anomalies in Cp(T) and x(T') indicate
that CeAuAls orders antiferromagnetically at the Néel
temperature Ty = 1.32 K. The molar entropy release by
the phase transition of R1n 2 is in agreement with the dou-
ble degeneracy of the CEF—split ground state being lifted
by a magnetic instability. The fact that RIn2 is reached
only at approximately 3.57 suggests that the Kondo in-
teraction operates in parallel with the RKKY interaction
and provides an estimate of the Kondo lattice temperature
T* of approximately 4.5 K.

At the lowest temperatures (below 1 K) the typical
hallmarks of a Fermi liquid are observed, i.e., a quadratic
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temperature dependence of the resistivity and a linear—
in—T contribution to the specific heat. The large elec-
tronic specific heat coefficient v = 227 mJ/molK?, which
is more than 50 times higher than its value determined
at temperatures well above Ty, and the large coefficient
A = 5pQcm/K? of the quadratic—in—T term of the electri-
cal resistivity indicate that correlated electrons with en-
hanced effective masses develop in parallel to the onset of
magnetic order. As argued by Mentink et al. [7], enhanced
~ values might also result from a Schottky anomaly aris-
ing from a very small energy separation of the first ex-
cited CEF doublet with respect to the ground state dou-
blet, combined with a site—disorder—induced broadening
of the antiferromagnetic transition. For CeAuAls we can,
with some confidence, exclude this origin of an enhanced ~y
value since the Schottky anomaly due to the splitting k71
with 71 = 57K has a negligible influence at 7' < 1 K. Also
site—disorder is expected to be small in CeAuAls which
crystallizes, unlike CeTMAl3 with TM = Pd, Pt, Cu, in
the atomically ordered BaNiSng—type structure. We thus
argue that CeAuAls shows genuine heavy—electron be-
haviour at very low temperatures. The small magnitude
of Tn and the similar magnitude of Ty and T indicate
that CeAuAls is close to the quantum critical point, which
might be reached by varying external parameters like, e.g.,
pressure.

Thus CeAuAls seems, like CePdsIn, to be another
well suited model compound for a more detailed study
of the interplay of strong electronic correlations and
RKKY-induced antiferromagnetism. In particular, neu-
tron diffraction or other microscopic studies would quite
likely reveal more details of the nature of the antiferromag-
netic state in CeAuAls. For CePdsIn it has been shown
[3] by nuclear magnetic resonance experiments that the
magnitude of the Ce moments is considerably reduced in
the magnetically ordered state, indicating a sizable Kondo
screening.
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