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Abstract. We report 27Al Nuclear Magnetic Resonance studies of CeAuAls and LaAuAls at frequencies
between 1.30 and 76.91 MHz and at temperatures from 45 mK up to 320 K. CeAuAls is a new heavy-
electron compound which orders antiferromagnetically at 1.32 K. For the two inequivalent Al sites of
CeAuAls, the transferred hyperfine couplings Hpy = 1.91 kOe/up and Hpy = 2.40 kOe/up are relatively
small compared to those in other Ce compounds. The nuclear quadrupolar coupling constants e?qQ/h are
2.9 MHz and 7.8 MHz, respectively. We suggest that the magnetic structure of the ordered state below
1.32 K is of a simple spiral type with the ordered Ce moments arranged ferromagnetically within the (ab)
planes of the tetragonal crystal lattice. Based on this magnetic structure we estimate a 25% reduction
of the Ce moments, most likely due to Kondo screening. At high temperatures, in the paramagnetic
state of CeAuAls, the spin-lattice relaxation rate 7, ' is dominated by the fluctuations of the localised
Ce moments. At 20 K, 7, is 96 s™', more than two orders of magnitude larger than for the reference
compound LaAuAls. For temperatures lower than 20 K T, " decreases as a function of (T'/H) and below
1 K, displays a linear-in-T" behaviour, strongly enhanced compared to the reference compound LaAuAls.

PACS. 75.20.Hr Local moment in compounds and alloys; Kondo effect, valence fluctuations, heavy fermions
— 75.30.-m Intrinsic properties of magnetically ordered materials — 76.60.-k Nuclear magnetic resonance

and relaxation

1 Introduction

CeAuAl; is an intermetallic compound [1] whose thermal
and transport properties at low temperature suggest the
presence of strongly correlated electrons in a magnetically
ordered phase [2]. Anomalies in the specific heat C,(T),
the magnetic susceptibility x(7") and the electrical resis-
tivity p(T) of CeAuAl; indicate a cooperative phase tran-
sition at Ty = 1.32 K to an antiferromagnetically ordered
state.

Below T, C), is well approximated by C,, = ayT 2 +
YT + a,,T? with ay = 41 pJK/mol, v = 227 mJ/molK?,
and a,, = 10.1 J/molK*. In reference [2] the T2 term was
assumed to be of nuclear origin and the T term was iden-
tified with the expected contribution of spin-wave excita-
tions in the magnetically ordered state. The large linear-
in-T" term suggests the presence of strongly-correlated
electrons in the magnetically ordered state. Since the en-
tropy reaches a value of RIn(2) at approximately 4.5 K it
has been suggested [2] that the transition at Ty = 1.32
occurs within a doublet crystal-field ground state of the
Ce 4f-electrons. This is consistent with the results for
the magnetic susceptibility which can be explained by as-
suming that the doublet Jz = £1/2 is the crystal-field
ground state, with the first excited doublet at 58 K above
the ground state. For T' > 200, x(T") can be approximated
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by a Curie-Weiss law with an effective magnetic moment
close to the value of a free Ce3T ion. Since the susceptibil-
ity of the reference compound LaAuAls is very small, the
measured susceptibility of CeAuAls can safely be identi-
fied as being due to the f-electron susceptibility x .

Below 1 K, the electrical resistivity p(T) is well ap-
proximated by p(T) = po + AT?, with py = 56.5 uQcm
and a large prefactor A = 5.0 uQcm/K?2. The T? contri-
bution to p(T') provides further evidence for the presence
of strongly correlated electrons coexisting with the anti-
ferromagnetically ordered state.

CeAuAlj crystallizes with a structure of the BaNiSngs-
type, belonging to the I4mm space group [1]. This struc-
ture is tetragonal with 2 formula units per unit cell with
lattice parameters a = 4.3318(2) A and ¢ = 10.8390(7) A.
CeAuAls has a single Ce site with the 4mm point-group
symmetry and therefore, the Ce3™ 4f-electron J = 5/2
ground state is split by the crystal electric-field into three
doublets. Each Ce atom has four Ce nearest neighbors in
the same (001) plane at a distance of 4.3318 A. There are
two inequivalent Al sites, denoted here as Al; and Als. One
of the Al sites (Al;) has the 4mm point-group symmetry
and four Ce nearest neighbors at a distance of 3.17 A. The
second Al site (Aly) has the mm point-group symmetry
and four Ce nearest neighbors at a distance of 3.46 A.

The reference compound LaAuAls has the same crys-
tal structure as CeAuAls, with the lattice parameters



10 The European Physical Journal B

La

AI 1
Al2
Au

oNCX J JO)
%

X1
. Y2 . .
Xzi—s
2 2

Fig. 1. Crystallographic unit cells of LaAuAls (left) and CeAuAls (right). The main axis for the electrical field gradients at
the Al sites are indicated by the coordinate axis with the convention |Vzz| > |Vyy| > |Vxx|. The arrow shows the direction
of the applied field responsible for the orientation of the crystallites, which here is indicated by the positions of the unit cells

(see text).

a = 4.3660 A and ¢ = 10.8445 A and, apart from the
Ce 4 f-electrons, similar electronic configurations are ex-
pected for both compounds.

2 Experimental aspects
2.1 Samples and facilities

Our polycrystalline CeAuAls and LaAuAls materials were
synthesized in an argon arc furnace, and they were subse-
quently annealed for one month at 750 °C and at 735°C
respectively. All our NMR measurements were performed
on powdered samples, with grains of linear dimensions
smaller than 30 pm, prepared using material from the
same batches used for investigating thermodynamic and
transport properties [2]. The measurements above 4 K
were performed in a *He flow cryostat equipped with a su-
perconducting 8.5 Tesla magnet, the sample being placed
directly into the flowing *He gas. Below 4 K the measure-
ments were performed in a 3He-*He dilution refrigerator
equipped with a superconducting 8 Tesla magnet, the sam-
ple being immersed into the *He-*He mixture. The sam-
ples were oriented by the application of magnetic fields of
the order of 5 Tesla at T' < 20 K. In the case of LaAuAls
the c-axis of the crystallites was found to be oriented along
the magnetic field, but in the case of CeAuAls, due to the
fact that Jz = 4 1/2is the crystal-field ground state of the
Ce 4 f-electrons, the c-axis of the crystallites was oriented
perpendicularly to the applied magnetic field as shown
in Figure 1.

2.2 Measurement techniques

The NMR spectra at fixed frequencies were obtained by
integrating spin-echo intensities at a given external mag-
netic field and changing stepwise the magnetic field. The
27A1 NMR measurements of CeAuAl; and LaAuAl; were

performed at temperatures between 45 mK and 320 K at
frequencies between 1.30 MHz and 76.91 MHz.

The spin-lattice relaxation rate T, * was measured as
follows. First we rotated the nuclear magnetisation out
of equilibrium by irradiating the +1/2 <> —1/2 nuclear
Zeeman transition with either a single rf pulse (fast ir-
radiation) or a long comb of rf pulses (slow irradiation).
After a variable recovery time t we measured the inte-
grated spin-echo intensity m(t). The expected functional
form of m(t) for the central transition of the 27Al nuclei is
a sum of three exponentials [3]

1- % = C{by exp(—t/T1) + by exp(—6t/T})

+ bgexp(—15t/T1)}, (1)

where the parameters b; are determined by the initial con-
ditions. The overall scaling constant C on the r.h.s. of
equation (1) and the spin-lattice relaxation time 7} are
the only two fitting parameters.

The results were checked by measuring 77 at all the
other nuclear Zeeman transitions. At low temperatures,
below 1 K, the quality of the fits worsenes with decreas-
ing temperature and the functional form of the recovery
of the magnetisation can be better described by a more
refined analysis assuming a distribution of 7;. As this
type of analysis does not change the qualitative results
for T, }(T, H) we used equation (1) to analyse the recov-
ery of the magnetisation also below 1 K.

3 Experimental results

3.1 NMR spectra of CeAuAl; in the paramagnetic
phase

In Figure 2 we show three examples of 2’A1 NMR spec-
tra of our oriented powder of CeAuAl; (dotted lines) and
the results of computer simulations (solid lines). For these
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Fig. 2. The dotted curves represent the measured NMR-
spectra of CeAuAls at a frequency of 56.9 MHz for the three
different temperatures 61 K, 141 K and 201 K. The solid lines
represent the result of computer simulations. The arrows shown
in (a) indicate the prominent parts of the spectrum associated
with the Als site, whereas the four peaks near the centre of the
spectrum and the shoulder on the left side of the central line
are associated with the Al; site.

simulations the quadrupolar interaction was treated as a
first- and second-order perturbation of the Zeeman term.
From the results of the simulations of our NMR-
spectra we infer that more than 80% of the CeAuAls crys-
tallites are oriented with the c-axis perpendicular to the
external magnetic field. This implies that the easy axis of
the magnetisation is in the ab plane, as expected with the
doublet Jz = £1/2 being the crystal-field ground state.
For the Al; site we obtain the quadrupolar frequency

vg = 2—3062qQ/h =0.44 + 0.01 MHz at the lowest tem-
peratures, slightly decreasing to vg = 0.42 £ 0.01 MHz at
300 K. For this site the asymmetry parameter of the elec-

Vs —
XX YY s 0. For the Al site,
Vzz

due to its lower symmetry (see Fig. 1), our simulations are
somewhat less sensitive to the individual values of vg and
1. The best agreement with the experimental results is
obtained for n = 0.88 and v = 1.17 MHz at the low-
est temperatures, slightly decreasing to vg = 1.15 MHz
at 300 K. In this case the individual uncertainties for
n and vg are of the order of 20%, however, we note
that from the simulations we obtain a more precise value
for the product vg(n + 1). At the lowest temperatures
vo(n+1) =2.20 + 0.01 MHz.

In Figure 3 the Knight shifts K, obtained from fits
to the measured NMR spectra, is plotted versus the 4 f-
electron susceptibility x s measured on oriented CeAuAls

trical field gradient n =
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Fig. 3. The Ce 4 f-electron induced Knight shift of CeAuAls as
function of the dc-susceptibility, x s, for the Al; site (filled cir-
cles) and the Al site (empty circles). The solid lines represent
fits to the data using equation (2) (see text).

powder above 20 K. This plot reveals the linear relation
between K and xy. We associate K with the transferred
hyperfine coupling. Here one expects

Hys
K =Ko+ 2
A T (2)

where Hp s is the transferred hyperfine coupling, i.e. the
transferred field at the Al sites assuming lup of Ce mo-
ment on each Ce site. Ky (Ko, Ko, , Ko,) is the usual
Knight shift due to the Pauli paramagnetism of the con-
duction electrons in the absence of 4 f-electrons.

For the Al; site we obtain Hpy = 2.40 £ 0.01 kOe/pp
and Ko, = Ko, =360 ppm. For the Aly site we obtain
Hpy =191+ 0.01 kOe/pp and Ko, ~ Ko, =~ 450 ppm.
As the CeAuAls crystallites are oriented perpendicularly
to the applied magnetic field the value of Ky, cannot be
established from our measurements. Though the measured
hyperfine couplings are small compared to other similar
systems, they cannot be explained by the dipolar fields
of the magnetic moments of the Ce 4 f-electrons. We esti-
mate the dipolar couplings for the Al; and Al sites to be
0.4 kOe/pp and 0.3 kOe/pp respectively.

In Figure 4 we plot the line shift AH = Hy¢y — Hy, of
the central line (—1/2 +» 1/2) of the Al site as a function
of H/T in the paramagnetic regime of CeAuAls for tem-
peratures between 1 and 2 K. For a given frequency, Hy.f
is the resonant magnetic field for a diamagnetic reference
compound and H,, is either obtained from the position of
the maximum of the measured NMR spectra, or from the
results of fits of the NMR spectra, of which an example
is shown in the inset of Figure 4. Either procedure leads
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Fig. 4. NMR line shifts at the Al site (filled circles) and bulk
magnetisation (empty circles) for CeAuAls powder below 2 K
as a function of H/T. The resulting transfer hyperfine coupling
is Hpy = 1.96 kOe/up. Inset: The dotted curve represents
the measured NMR spectrum of CeAuAls at a frequency of
v = 13.215 MHz and a temperature 7' = 1.9 K. From the
computer simulations (solid line) we obtain the line shift at
the Al, site that is compared with the magnetisation data.

to very similar results. The AH values shown in Figure 4
are obtained by evaluating the maxima of the measured
NMR spectra. In Figure 4 we also plot the magnetisation
M (in pp per formula unit) data for an oriented powder
[4]. Tt is expected that

AH = Hps M, 3)
where Hy, s is the transferred hyperfine coupling at the Aly
site, and Figure 4 verifies equation (3) very nicely. We find
that Hpy = 1.96 £ 0.04 kOe/pup, in agreement with the
result presented above, obtained by comparing the Knight
shifts with the susceptibility at temperatures above 20 K.
This shows that Hj¢ is temperature independent, and it
also shows that our evaluation of Hyy is reliable.

3.2 Zero-field NMR spectrum

In Figure 5 the zero-field NMR spectrum of CeAuAls
is presented at a temperature of 50 mK, well within in
the antiferromagnetically ordered state of CeAuAls. From
1.3 MHz to 2.7 MHz the NMR intensity is approximately
constant, not exhibiting any distinct structures. Above
2.7 MHz the NMR intensity decreases rapidly. For com-
parison we have plotted the £3/2 <+ £5/2 NQR tran-
sition at the Aly site of LaAuAlz where the dashed line
is a Lorentzian fit function to the data with a linewidth
HWHM of 22 kHz. The differences between the spectra
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Fig. 5. Comparison of the zero field NMR spectrum of
CeAuAls (filled circles) at a temperature of 50 mK and the
LaAuAls NQR spectrum (empty circles) at a temperature
of 4.2 K. The solid line represents the result of a computer
simulation of the CeAuAls data (described in the text) and
the dashed line is a Lorentzian fit to the NQR spectrum
of LaAuAls.

of the Ce and the La compounds reveal the effects of the
internal static fields at the Al sites present in the ordered
state of CeAuAlz. We have simulated the zero-field NMR
spectrum of CeAuAls by diagonalising the full Hamilto-
nian at the two Al sites including a quadrupole and a
Zeeman term and computing the probabilities of all the
transitions. In our crude model we assume a simple spiral
magnetic structure where the Ce magnetic moments are
aligned ferromagnetically within the ab plane and from
one plane to the next along the c-axis their direction ro-
tates by an angle § within the ab plane. This model is
based on the following: i) the easy axis of magnetisation
is in the ab plane as may be concluded from the NMR sig-
nal that allows to identify the orientation of the CeAuAls
powder in an applied magnetic field, ii) compared to other
Ce-compounds the hyperfine couplings are relatively small
[5,6] and iii) the zero-field NMR spectrum reveals appre-
ciable static internal magnetic fields at both Al sites. We
note that a simple antiferromagnetic structure is ruled out
because it would lead to well resolved lines in the zero-field
NMR spectrum and this is not observed (see Fig. 5). The
solid line in Figure 5 represents the result of the computer
simulation.

3.3 NMR spectra of LaAuAl;

In Figure 6 we show two examples of NMR spectra of
LaAuAl;z at a frequency of 56.9 MHz and a temperature
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Table 1. NMR parameter at the Al; and Al sites for LaAuAls and CeAuAls. The values for the quadrupolar frequency vg
are given for the lowest temperatures. The values for the Knight shift of CeAuAls Ky are obtained by extrapolating the Knight

shifts to T' = oo.

Site vg (MHz) n

vg(n+ 1) (MHz)

K, (ppm) K, (ppm) K. (ppm)

LaAuAls
Alp
Al

0.40 £ 0.01 0
1.11 0.58

1.76 &+ 0.01

0 600 £ 50
650 £ 100

600 £ 50
650 £+ 100

900 £ 50

CeAuA13
Al
Al

0.44 + 0.01 0
1.17 0.88 (> 0.65)

2.20 £ 0.01

0 360 + 50
450 £ 50

360 & 50
450 & 50

T T T

T=140K

€Y _
v=56.9 MHz

T=140K
O) | v=569MHz

Spin-Echo Intensity (a.u.)

51 52 53

Field (kOe)

Fig. 6. The dotted curves represent the measured NMR-
spectra of LaAuAls at a temperature of 140 K and a frequency
of 56.9 MHz for randomly oriented (a), and partially oriented
powder (b). The solid lines represent the results of computer
simulations. The arrows shown in (b) indicate the prominent
parts of the spectrum associated with the Als site, whereas the
other peaks are associated with the Al; site.

of 140 K, for an (a) randomly and a (b) partially oriented
powdered sample. The solid lines represent the simulated
spectra, calculated as in the case of CeAuAls. We recall
that in an external field the crystallites of CeAuAls and
LaAuAl; orient differently (Fig. 1), which results in qual-
itatively very different NMR spectra.

For the Al; site we obtain the quadrupolar frequency
vg = 0.40 £ 0.01 MHz at the lowest temperatures, slightly
decreasing to vg = 0.39 =+ 0.01 MHz at 300 K. Again the
asymmetry parameter n at the Al; site is 0, as expected
from symmetry considerations. For the Al site our data
is consistent with 7 = 0.57 and vg = 1.13 MHz at the
lowest temperatures, slightly decreasing to vg = 1.10 MHz

at 300 K. We note that, as for CeAuAls, our result for
vg(n+1) is more precise than for vg and n individually. At
the lowest temperatures vg(n+1) = 1.76 + 0.01 MHz.

From fits to the data for the Al; site we obtain the
isotropic Knight shift, K;s, = (Kx + Ky + Kz)/3 =
700 ppm =+ 50 ppm, and the anisotropic Knight shift
Ky =Kz — K;so =200 ppm *+ 50 ppm. The Knight
shift Kz is equal to 900 ppm + 50 ppm. All the shifts
Kiso, K1 and Kz are temperature-independent.

For the Al, site we estimate the maximum value for
the difference of Kx and Ky to be very small. With this
in mind, i.e., assuming K x = Ky, we obtain for both Kx
and Ky a value of 650 ppm + 50 ppm again not varying
with temperature.

In view of a consistency check, we have also measured
the NQR transitions at the Al, site, and found them to
be at 1.48 MHz and 2.14 MHz. From these results we
calculated vg = 1.13 £ 0.01 MHz and an asymmetry
parameter of = 0.58 £ 0.01, equal to the results obtained
by fitting the NMR data.

We note that the electrical field gradients of CeAuAls
and LaAuAl; differ by about 10% at the Al; site and by
about 25% at the Al site. These differences are relatively
large considering that both systems are expected to have
similar electronic configurations except for the 4 f-electron
of the Ce atom. All parameters evaluated above are sum-
marized in Table 1.

3.4 Spin-lattice relaxation rate

In Figure 7 we present two examples of the nuclear
magnetisation recovery m(t) for the central transition of
CeAuAl; at 56.9 MHz and 160 K, for the cases of (a) fast
and (b) slow irradiation. The fits based on equation (1) for
the two different irradiation conditions are of high quality
and give the same value for the relaxation rate T, '. Since
we cannot resolve the contribution to the relaxation of the
magnetisation for each Al site individually, our observed
T *(T) represent an average for both Al site.

In Figure 8 we present the results of the spin-lattice
relaxation rate T, * (T, H) measurements as a function of
T/H for CeAuAls and LaAuAl; in the temperature range
between 100 mK and 320 K.
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Fig. 7. Nuclear magnetisation recovery m(t) for the central
transition of CeAuAls at T' = 160 K and v = 56.9 MHz for (a)
a fast and for (b) a slow irradiation. The solid lines represent
fits to the data (see text). For both cases we obtain the same
value of T, ', 13.8 + 0.1 ms™*.
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Fig. 8. T, '(T) for CeAuAl; measured at different magnetic
fields (H ~ 23 kOe: triangles, H ~ 47 kOe: squares, H =
67 kOe: filled circles) and for LaAuAls at H = 51 kOe (empty
circles). The solid line is a guide to the eye for the high field
data and the dashed line represents the linear-in-7" dependence
of T *(T) for LaAuAls.
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For the reference compound LaAuAl; we observe a
Korringa-type linear T-dependence for the relaxation rate
with (T37)~! = 0.02 (sK)~'. For CeAuAlz, T, *(T) is be-
tween one and two orders of magnitude larger and less
straightforward in its temperature dependence. We at-
tribute most of the spin-lattice relaxation in CeAuAls to
be caused by Ce 4f-moment fluctuations. In the high-
temperature regime, above 20 K, T, *(T') is only weakly
temperature dependent and smoothly decreases with
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Fig. 9. Crystallographic unit cell of CeAuAls. The arrows in-
dicate the direction of the ordered Ce moments in the antifer-
romagnetic state, which we propose to form a simple spiral.
The moments are aligned ferromagnetically in the ab planes
and from one plane to the next their direction within the basal
planes is rotated by an angle 6 = 100°.

increasing temperatures from a value of 96 s~ down to
55 s~ at 320 K. Between 20 K and 1 K, the relaxation
is temperature and field dependent. In particular it is in-
versely proportional to the applied magnetic field as may
be seen in Figure 8, where the T, *(T') data for three dif-
ferent magnetic fields fall on a single curve when plotted as
a function of T'/H. In the low temperature regime below
1 K, where due to the applied magnetic field the Ce mo-
ments are ferromagnetically aligned, the temperature de-
pendence of T, *(T, H) varies linearly with temperature,
and with H~?! for fields above 40 kOe.

4 Discussion
4.1 NMR Spectra

As a model for the magnetic structure of CeAuAls be-
low 1.3 K we propose a simple spiral ordering as shown in
Figure 9. In our model the Ce moments are only weakly re-
duced and ferromagnetically aligned within the ab planes.
From one plane to the next along the c-axis the moment
direction rotates by an angle § within the ab plane. From
the comparison of our measured data with the results of
our simulations as discussed in Section 3.2 we infer an an-
gle 6 =~ 100° as shown in Figure 9 and a relatively small
reduction of the magnetic moments of about 25%, which
we associate with Kondo screening. In our simulations
we considered only the nearest Ce neighbours of the Al
nuclei, therefore, some discrepancies with the experimen-
tal results may be expected. More refined models which
include the contribution due to interactions with the
next nearest neighbours are more difficult to implement,
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Fig. 10. Temperature dependence of Ty ' measured in zero
applied magnetic field at a frequency v = 2.346 MHz. The
solid line is a guide to the eye.

but they are not expected to yield qualitatively different
results. However they might account for the small discrep-
ancies, e.g., at the highest and lowest frequencies.

Our results for the measured NMR, spectra have fur-
ther implications. As discussed below, the T2 term in the
specific heat cannot be explained by a nuclear contribution
alone. From the NMR spectra of CeAuAls we found a
quadrupolar coupling constant of e?qQ/h = 2.9 MHz at
the Al; site and 7.8 MHz at the Alj site, corresponding to
a splitting of the nuclear energy levels of A/kp ~ 370 uK.
From the zero field NMR spectrum we estimate the inter-
nal magnetic fields at the Al sites as H = 2.3 and 1.2 kOe
for the Al; and the Aly site, respectively. In this case,
above 1 mK, Cy ought to be well described by the high
temperature expansion [7]

(4)

).

(5)

Cn =~ D2T72 s
where D5 is given by

Dy (21 +2)(2I +3)
R 160I(2I —1)

4@\, (RI+2) (b
kB 61 kB

and ~ is the gyromagnetic ratio of the Al nuclei. From
our NMR results we estimate Dy to be of the order of
0.6 x 1075 JK /mol, about two orders of magnitude smaller
than the directly measured value of 41 x 10~% JK/mol.
The contribution of the Au nuclei cannot be inferred from
our results, but it seems unlikely that the Au nuclei are
responsible for a large contribution to the specific heat.
First, the gyromagnetic ratio of Au is 15 times smaller
than for Al, therefore the Zeeman contribution of the Au
nuclei to C, is expected to be much smaller than for the Al
nuclei. Second, based on a simple estimate using a point
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Fig. 11. Shift of the NMR line of CeAuAls as function of
the applied magnetic field for the Aly site at 50 mK (filled
circles) and 300 mK (empty circles). The dashed and solid lines
represent the expected NMR line shifts for 50 mK and 800 mK
respectively, obtained using equation (3) and the measurement
of the magnetisation in the paramagnetic phase (see text).

charge model the Au nuclei quadrupolar contribution to
C) is also expected to be small. In principle the large ex-
cess in the observed specific heat could also be due to
a precursor of yet another phase transition much below
50 mK. Further support for this conjecture may be ob-
tained from the observed unusual strong temperature de-
pendence of the spin-spin relaxation rate T{l(T) below
200 mK in zero applied magnetic field, as can be appreci-
ated in Figure 10. Although we have no easy explanation
for this T, *(T') behaviour, a variation of electronic inter-
actions in the correlated system may cause the observa-
tion. We note, however, that no thermodynamic or trans-
port property has shown any clear evidence for a second
phase transition at very low temperatures down to 40 mK.
Further experiments are required to clarify this issue.

In Figure 11 we present the line shift AH of the Al
site of CeAuAls as a function of the applied magnetic field
for measurements at 50 and 300 mK. The corresponding
Larmor frequencies of the low-field measurements are very
small and, combined with the small 75, results in very
poor signal-to-noise ratios. For this reason low-field mea-
surements above 0.3 K were not practical. The curves in
Figure 11 are the expected NMR line shifts at 50 mK
(dashed line) and 800 mK (solid line) using equation (3)
and scaling the M (H) data from the measurement of the
bulk magnetisation in the paramagnetic phase [4]. It may
be seen that the calculated curve for 7' = 800 mK fits very
well the data for 7" = 300 and 50 mK, respectively. Thus,
below 300 mK the line shift displays no noticeable tem-
perature dependence, but it varies strongly with the ap-
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Fig. 12. Temperature dependence of T, '(T) for CeAuAl;
(filled circles), LaAuAls (empty diamonds), CeCuAls (empty
circles) [12] and CeAls (empty squares) [11]. The solid line is
a guide to the eye for the CeAuAls data and the dashed line
shows the Korringa behaviour of the LaAuAls data.

plied magnetic field. The curves shown in Figure 11 imply
that no T-dependence of AH occurs below 800 mK. Our
results are consistent with the expectations for antiferro-
magnets in magnetic fields, where the transverse magnetic
susceptibility is temperature independent at low temper-
atures. This is especially the case for spiral magnetic
structures [8,9].

4.2 Spin-lattice relaxation rate

Above 20 K the temperature dependence of the relaxation
rate T, *(T) of CeAuAl; is very similar to that of other
Ce intermetallic compounds, such as CeAly [10], CeAls
[11] and CeCuAl; [12], as is demonstrated in Figure 12.
The crystal-field effects, due to excited doublets at 58 K
and 265 K for the case of CeAuAl; [2], are not evident in
the relaxation rate in an unambiguous way. In the high
temperature regime the relaxation rate is dominated by
the weakly interacting Ce moments. We note that for a
T-independent transferred hyperfine coupling, consistent
with the results of our measurements, and assuming in
addition that the Ce-spin fluctuation rate 1/7 is temper-
ature independent, the relaxation rate is expected to be
T-independent. As shown in Figure 12 this is not really
the case for CeAuAls. In fact the temperature dependence
for 1/7 may be obtained from [10]

1/7 = 2Nav2kp K*ThT/x. (6)

The results for 1/7 are displayed in Figure 13 where, as a
reference, we have also plotted 1/7 for CeAls [11]. We
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Fig. 13. Temperature dependence of the Ce-spin fluctuation
rate for CeAuAls (filled circles) and CeAls (empty circles) [11].

observe that the Ce-spin fluctuation rate for CeAuAls
is smaller than for the heavy-electron compound CeAls.
Therefore one might expect a relatively smaller hybridiza-
tion of the f-electrons with the conduction electrons at low
temperatures for CeAuAls than for CeAls. In fact this is
consistent with an incomplete Kondo screening of the or-
der of only about 25% estimated for CeAuAls.

A way for estimating the enhancement of the relax-
ation rate T, ' due to the presence of the 4f-electrons
in the high-T regime of a Kondo system was suggested
by Fradin [13] and later generalized by Crisan [14]. This
model calculation yields 7, ~ 1.6 s~ which is about
50 times smaller than the measured relaxation rate, un-
derlining the difficulties associated with estimates of the
spin-lattice relaxation rate in metallic systems.

In the low temperature regime, below 1 K, applied
external magnetic fields H exceeding 23 kOe change the
antiferromagnetic phase into a paramagnetic phase, i.e.,
an induced ferromagnetic phase. This may be appreciated
in Figure 11 where the saturation level AH,; is practi-
cally achieved at 800 mK for fields above 15 kOe. It is
interesting to see (Fig. 8) that in these temperature and
field ranges the linear-in-T' term of T *(T), for fields of
a few tens of kQe, is still two orders of magnitude larger
than for the reference compound LaAuAlz and T} * scales
with T'/ H. However for lower fields (H < 30kOe) an extra

enhancement in the relaxation rate is observed.

The spin-lattice relaxation rate 77 *(T) of LaAuAl;
follows a linear-in-T' dependence. The value of (T1T) " is
0.02 (sK™ '), about 30 times smaller than for Aluminum
metal, even though both materials have similar linear-in-
T contributions, ~, to the specific heat. The low value of
(TZ'T)~! for LaAuAlz must therefore be attributed to an
extremely small hyperfine coupling.
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5 Summary

For the magnetically ordered state of the new heavy-
electron antiferromagnet CeAuAls we propose a model
for the magnetic structure, where the magnetic moments
are only weakly reduced by Kondo screening. This mag-
netic structure is a simple spiral where the Ce ordered mo-
ments are aligned ferromagnetically in the ab planes and
from one plane to the next along the c-axis their direc-
tion rotates within the ab planes. In the high temperature
regime the temperature dependence of the relaxation rate
T, (T) is shown to be similar to other heavy-electron Ce
compounds and at low temperatures Tl_l(T, H) is found
to be field dependent and strongly enhanced compared to
the reference compound LaAuAlz. Our results are con-
sistent with a 4 f-moment reduction of the order of 25%,
which we associate with an incomplete Kondo screening.
The results for Tl_l(T) suggest the presence of low en-
ergy excitations in the f-electron system at low temper-
atures, especially for low magnetic fields. The observed
anT~2 term in C,(T) at very low temperatures cannot be
accounted for by a nuclear contribution, considering our
results for the quadrupolar coupling constants and the es-
timated static internal fields at the Al sites of CeAuAls.
This may be a hint for a phase transition of unknown na-
ture at very low temperatures, not indicated by any of the
thermal and transport properties [2]. Further support for
this conjecture is obtained from our results for T, *(T).
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