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27Al nuclear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR) measure-
ments in the antiferromagnetic and paramagnetic states of the intermetallic compound CeAl,
have yielded information on the competition between magnetic ordering and moment instability
in this system. In the antiferromagnetic state below Ty =3.9 K the zero-field NQR linewidth in-
creases from 12(2) kHz above Ty to 90(10) kHz at 1.5 K=0.4T,. This increase is consistent
with the onset of a distribution of hyperfine fields in the spatially modulated antiferromagnetic
structure suggested on the basis of neutron scattering studies, but the width of the hyperfine
field distribution is more than a factor of 10 smaller than consistent with either the ‘‘single-¢”’
modulated structure of Barbara and co-workers or low-temperature nuclear hyperfine specific-
heat measurements. It is suggested that the large fraction of nuclei in small hyperfine fields is a
consequence of moment modulation in more than one direction. Observed 27 Al spin-lattice re-
laxation rates below ~0.65Ty were spatially distributed in the specimen: both “‘hard,” mag-
nonlike fluctuation modes and **soft’" fluctuations, presumably associated with Kondo-like states
in nodes of the modulated structure, were observed. The activation encrgy of 0.87(8) meV for
the magnonlike modes is in good agreement with neutron results. In the paramagnetic state the
ratio of the NMR shift to the bulk susceptibility varics with temperature in a way which is con-
sistent with a simple model of anisotropic hyperfine coupling to the crystal-field-split Ce ionic
states. The spin-lattice relaxation behavior above Ty indicates the onset of spatial short-range
order at temperatures below ~—100 K, but the nature of this order is uncertain due to difficulties
in reconciling the NMR and neutron scattering data. If such short-range order is assumed to be
absent at 300 K, comparison of NMR and neutron results indicates that effectively ~10 Ce
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neighbors are hyperfine coupled to a given 2TAl nucleus.

I. INTRODUCTION

The unstable 4/ shell in alloys and intermetallic
compounds containing cerium leads to a wide variety
of interesting phenomena. These include the Kondo
effect in dilute alloys,! related behavior in intermetal-
lic compounds, configuration mixing or intermediate
valence,? and competition between moment instabili-
ty and magnetic ordering.>? The compound CeAl,
appears to exhibit a number of these phenomena.
Numerous investigations of this system have indicat-
ed the presence of a complicated interplay between
Kondo-like moment compensation, magnetic interac-
tions between Ce ions, and the presence of a crystal-
line electric field (CEF) splitting.** The 2’Al nuclear
resonance experiments reported in this paper have
yielded information on transferred hyperfine mechan-
isms and hyperfine field distributions in CeAl,, par-
ticularly in the modulated antiferromagnetic (AF)
state below Ty =3.9 K, and also on the relative roles
played by spin-spin coupling and Kondo-like behavior
in determining the dynamic fluctuation spectra.

CeAl, was first characterized as a ‘“‘Kondo com-
pound”’ on the basis of resistivity measurements,*
which showed the minimum characteristic of the
Kondo effect. In addition the existence of a CEF
splitting A/kz ~ 100 K was inferred from thermo-
dynamic and transport measurements,’ but the least
ambiguous determination of A and the CEF-split '
states was obtained from inelastic neutron scattering.®
These and other studies’ indicated also that the life-
time of Ce spin states was severely limited, presum-
ably by a combination of Kondo-like fluctuations and
spin-spin coupling between Ce ions.

The neutron magnetic Bragg scattering experiments
of Barbara et al.® resolved previous uncertainty? con-
cerning the ground state of CeAl, by demonstrating
that the phase transition at 3.9 K signaled the onset
of an AF low-temperature phase. The observed
Bragg reflections could, however, only be understood
by assuming spatial modulation of the Ce moment
magnitude. The thermodynamics of this transition
have been extensively investigated: the phase boun-
dary in the magnetic-field—temperature plane has
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been determined®® and anisotropies, critical proper-
ties, etc., have been studied. The case for an AF
ground state was strengthened by the observation® of

magnonlike excitations below T in neutron scattering.

Recent neutron studies by Shapiro er al.'° have
concluded that the single direction of moment modu-
lation originally proposed?® is inadequate to explain all
observed Bragg reflections. A ‘‘multiple-¢”’ structure
was suggested, with concurrent modulation in several
crystalline directions.

Our results in the AF state are discussed in Sec.
IV, and may be summarized as follows. Both ?’Al
NMR and nuclear quadrupole resonance (NQR) yield
a considerable fraction of the nuclei in regions of low
Ce spin polarization. This is qualitatively consistent
with Ce moment modulation; in addition, the NMR
and NQR data suggest that the ‘“‘multiple-¢’’ struc-
ture is more appropriate than the ‘‘single-g’’ struc-
ture. Nuclear spin-lattice relaxation experiments in
the AF state yield thermally-activated relaxation rate
behavior, with an activation energy in good agree-
ment with neutron data.® Additional relaxation at
temperatures below ~0.6 Ty suggests the presence of
low-frequency Ce spin modes, which are possibly as-
sociated with Kondo-like spin fluctuations.

Section V treats measurements in the paramagnetic
(PM) state. Here an appreciable temperature varia-
tion of the average hf field was observed, as expected
if the hf coupling to the I'; doublet CEF ground state
is different than that to the I'y quartet excited state,
due to anisotropy in the hf coupling strength.'> PM-
state spin-lattice relaxation measurements above
~200 K, together with quasielastic neutron-scattering
linewidths,!? yield an estimate of about 10 for the ef-
fective number of Ce neighbor ions coupled to a
given ¥’Al nucleus.'* At lower temperatures, the sit-
uation regarding short-range Ce-Ce correlations in
the PM state is ambiguous. No direct NMR evidence
was found for Ce moment instability or Kondo com-
pensation'! in the PM state, or for crystal-field effects
of the kind treated by Sugawara.'’

Experimental techniques and results are discussed
in Secs. II and III, respectively, and Sec. VI summa-
rizes our conclusions. Preliminary reports of parts of
this work have appeared previously.!® !

II. EXPERIMENTAL TECHNIQUES

Specimens of CeAl, were prepared by arc melting
stoichiometric quantities of the elements Ce
(3N —4N pure) and Al (6N pure). The ingots were
turned and remelted several times to improve homo-
geneity, and after arc melting were either submitted
to a homogenizing anneal of 800 °C for 2 days or left
in the as-cast condition. Samples were prepared by
crushing and sieving to various powder grain sizes
between 45 and 90 um. The NMR and NQR results

were independent of heat treatment and particle size.
Debye-Scherrer powder-pattern x-ray measurements
gave no indication of second phases. The measured
susceptibility agreed with previous results'® to within
experimental error over the temperature range
4.2-300 K.

NMR measurements were carried out in external
fields between 4 and 12 kOe using a field-swept
pulsed NMR apparatus and a continuous-wave (cw)
Varian wide-line NMR spectrometer. NMR spectra
(absorption versus field strength) were obtained with
both units. The integrated pulsed spin-echo signal
amplitude was averaged using a Nicolet 1170 signal
enhancer, followed by data transfer to a Tektronix
4051 computer for analysis. The centroid of the
second-order quadrupole-split %*—*—-% transition was

obtained numerically, and the paramagnetic shift was
computed after correction for the quadrupolar contri-
bution.!” The cw spectrometer employed convention-
al lock-in detection. Extrema of the derivative spectra
were used to obtain the isotropic and anisotropic
shifts, K; and K,, respectively, as well as the quadru-
pole coupling constant e2¢gQ/h, using techniques re-
ported previously.!® Relaxation measurements were

- carried out using standard spin-echo detection of the

nuclear magnetization recovery after a train of sat-
urating pulses.!?

The susceptibility of paramagnetic CeAl, is high at
low temperatures, and can result in appreciable
corrections to the paramagnetic shift due to demag-
netizing effects.!” The Lorentz and demagnetizing
fields give a temperature-independent contribution

Hyem=(4mw/3—D)nug (D

to the field at the nuclei, where D is the sample
demagnetization factor, n =1.53 x 10?2 cm™ is the Ce
number density, and wg is the Bohr magneton.
Evaluation of D in our powdered samples is difficult,
but the effect is probably small: nug =141 Oe,
which is only a few percent of the observed hyperfine
field, and the factor 4m/3 — D should be of the order
of unity.

Zero-field NQR measurements employed the
YAl + % — +2 transition at approximately 1.45
MHz.2® The NQR technique was used for several
reasons. First, it permits fairly direct determination
of the distribution of magnetic hf fields in the AF
state, without convolution with other magnetic and
quadrupolar broadening mechanisms present in
high-field NMR. Second, the absence of an applied
permits study of an unperturbed AF state. Third, the
NQR technique simplifies the interpretation of
nonexponential relaxation recovery functions, as dis-
cussed below. Most relaxation data were taken using
NQR:; NMR measurements confirmed the NQR
results at a few temperatures. Pulsed NQR spectros-
copy was carried out by increasing spectrometer
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bandwidth as much as possible and sweeping the fre-
quency. In the AF state the resonance became so
broad that the maximum obtainable bandwidth
(—~300 kHz) was still narrow enough to distort the
lineshape appreciably. Attempts to use a marginal-
oscillator NQR detector at this low frequency were
unsuccessful.

In the presence of unequal nuclear spin-level split-
tings, spin-lattice relaxation recovery functions are
nonexponential in general. This phenomenon has
been discussed for quadrupole-split NMR by Narath?!
and for zero-field NQR by MacLaughlin er al.?> The
general solution to the master relaxation equation in
these cases is a sum of exponential terms, with rate
constants which are multiples of the rate 1/T, which
would have been obtained in the case of a pure Zee-
man splitting. The coefficients of 1/T in the ex-
ponential terms are functions only of the nuclear
spin, whereas the preexponential factors also depend
on the initial saturation conditions.?""?2 These were
not well known a priori, and were treated as free
parameters in least-squares fits to data. The number
of exponential terms for nuclear spin / =% (TAD is

two for NQR?? and five for NMR.?' It was thus felt
that least-squares fits to NQR data would be more re-
liable, despite the reduction in signal-to-noise ratio at
the lower resonance frequency, since fewer free
parameters would be required for the fit.

III. EXPERIMENTAL RESULTS
A. Antiferromagnetic state

As discussed above, NQR was used for the most
part to study nuclear resonance properties below the
Néel temperature. Figure 1 gives the half-width
half-maximum linewidth Av of the Al + 3 —+3
NQR transition in CeAl,, as obtained by the
frequency-swept pulsed spectroscopy described in Sec.
II. The important features are a temperature-
independent linewidth of 12(2) kHz above Ty, a ra-
pid increase of Av just below Ty, and a low-
temperature value of 90(10) kHz. This behavior is
expected qualitatively from a distribution of hyperfine
fields induced by inequivalent Al sites and the modu-
lated AF structure, but the low-temperature linewidth
is anomalously small as discussed in Sec. IV.

The error bars in Fig. 1 indicate statistical error
only; the bandwidth limitations of the pulsed spec-
trometer may cause additional inaccuracy in Av due
to amplitude reduction and phase shift of signal con-
tributions from the ‘‘wings”’ of the NQR line. How-
ever the fact that the relative number N, of ob-
served nuclei, measured as described below, is practi-
cally the same at 1.5 and 4.2 K indicates that the
linewidths measured at these temperatures are fairly
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FIG. I. Half-width-half-maximum 2’Al NQR linewidths
Av (circles) and relative number of observed nuclei N,
(triangles) in the antiferromagnetic state of CeAl,. The ob-

- served nuclei are about as numerous at 1.5 K as at 4.2 K,

50 that spectrometer bandwidth limitations apparently do not
narrow the NQR line appreciably.

reliable.

More faithful reproductions of resonance line
shapes in the AF state were obtained from field-
swept NMR spin-echo spectra as shown in Fig. 2.
Here bandwidth limitations are less important, since
the spectrometer frequency is fixed at the center of
the band. But other broadening mechanisms, princi-
pally quadrupolar powder-pattern broadening, aniso-
tropy in the paramagnetic shift, and demagnetization
broadening due to distributions of powder grain
shapes, are convoluted with the AF-state hf field dis-
tribution. The unknown form of demagnetization
broadening, in particulaf, makes deconvolution of the
NMR line shape impractical, and these spectra are
presented principally to demonstrate that the order of
magnitude of the AF-state distribution width is the
same as obtained in zero-field NQR. No appreciable
dependence of the additional broadening on applied
field was observed between 6 and 12 kOe.

Linewidth measurements are reliable indicators of
hf field distributions only if all nuclei in the sample
contribute to the observed resonance. The intensity
of the NQR spin-echo signal was measured to obtain
the relative number of contributing nuclei, N,
which is proportional to the product of the signal in-
tensity and the temperature. This quantity is also
plotted in Fig. 1, where it is seen that N, is sensibly
the same at 1.5 as at 4.2 K. The dip in N, in the vi-
cinity of Ty is related to a rapid increase in spin-echo
decay rate 1/ T, associated with the transition; this in-
crease is not well understood, since no such increase
was observed in the longitudinal relaxation rate 1/T),
(see below).

Relaxation recovery data were fitted to a two-
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FIG. 2. Field-swept pulsed NMR spectra at an applied
field of 6 kOe and (a) 295 K; (b) 4.2 K; and (c) 3 K. The
reduction in central transition width between (a) and (b) is
due to an anisotropic shift contribution. Demagnetization
broadening is also visible in (b). Considerable additional
broadening can be seen in (c) in the antiferromagnetic state.

exponential expression of the form?2

S(N=S(eo)=die” 4 e @
where S (1) is the observed NQR echo amplitude sig-
nal at time 1 after initial saturation and T is the usu-
al longitudinal spin-lattice relaxation time. The
parameters 4, 4,, and 1/T, were varied for best fit.
Above about 2.5 K the quality of the fits was good,
as judged from values of the statistic X2. Below 2.5 K
the quality deteriorated: the recovery of the NQR
signal to equilibrium was initially more rapid than
consistent with Eq. (2). Incomplete saturation of the
observed NQR transition would alter the fit values of
A, and 4 ,, but should not diminish the goodness of
fit.

We interpret this observation as resulting from the
onset of spatially inhomogeneous spin-lattice relaxa-
tion at lower temperatures in the AF state. Although
the experimental signal-to-noise ratio was not good
enough to permit deconvolution of the observed
recovery data to obtain the distribution of relaxation
rates, information on the distribution was obtained by
fitting subsets of data for which points at early times
were deleted. The remaining long-time points were
more accurately fitted by a curve of the form of Eq.
(2), with a relaxation rate appropriate to the most
slowly relaxing nuclei. The (poor) fits to the entire
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FIG. 3. ?7Al spin-lattice relaxation rate 1/T vs inverse
temperature /7 in the antiferromagnetic state of CeAl,.
Filled circles: fits to the entire nuclear magnetization
recovery. Open circles: fits to the long-time recovery. The
latter are consistent with a gap for activation comparable to
that found by inelastic neutron scattering (Ref. 6).

relaxation curves (including early-time data) yield
relaxation rates which represent weighted averages
over the entire distribution. These results are given
in Fig. 3.

B. Paramagnetic state

The dependences of the isotropic paramagnetic
shift K; on the temperature and the bulk susceptibili-
ty X are given in Fig. 4. This plot is motivated by the
usual expression'?

Ki=(Hyu/Nug)X 3)

for the relation between K; and the molar susceptibil-
ity X. Here H,; is the static hyperfine field, N is
Avogadro’s number, and ujp is the Bohr magneton.
If a single mechanism dominates the temperature
dependence of both the susceptibility and the shift, a
plot of K; vs X will yield a straight line, as has been
found for numerous rare-earth intermetallic com-
pounds.!® It can be seen in Fig. 4 that although a
straight-line relationship is obtained above about 50
K, below this temperature the shift is larger than
would be predicted from linear extrapolation of the
high-temperature data.

The shape of the cw derivative spectra also permit-
ted the extraction of values of the anisotropic shift
K, and the quadrupolar coupling constant
e2qQ/h.'"% A rapid increase in K, is observed
below 50 K, in the same temperature region in which
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FIG. 4. Dependence of the 2’ Al isotropic paramagnetic
shift K; on temperature 7 and bulk susceptibility X in the
paramagnetic state of CeAl,. Open symbols: K; vs T.
Filled symbols: K; vs X. Circles: NMR cw derivative spec-
tra. Triangles: pulsed NMR spin-echo spectra.

K; deviates from its high-temperature behavior, as
shown in Fig. 5(a). The variation of e?qQ/h with
temperature, obtained from both first- and second-
order splittings of NMR spectra as well as directly
from NQR, is given in Fig. 5(b). The values ob-
tained from second-order splittings are a few percent
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FIG. 5. (a) Temperature dependence of the anisotropic
paramagnetic shift K,. (b) Temperature dependence of the
quadrupolar coupling constant e2gQ/h. Open circles: data
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FIG. 6. Temperature dependence of the 2’ Al spin-lattice
relaxation rate 1/7 in the paramagnetic state of CeAl,.
Open circles: NQR data (see text). Filled circles; NMR
data. Triangles: data of Ref. 14.

smaller than those obtained from the other tech-
niques; this may be due to inaccuracies in the
method of compensating for finite width of the
broadened powder-pattern singularities.'®

The temperature dependence of the ¥’ Al spin-
lattice relaxation rate 1/T, in the PM state is shown
in Fig. 6. The rate peaks at about 10 K after an in-
crease from the value at Ty. There is no evidence
for anomalous behavior near Ty (see also Fig. 3).
Between 10 and 100 K the rate decreases by a factor
of about 2.5, and then remains constant between 100
and 300 K. Most of these data were obtained using
NQR, although NMR values at 77 and 295 K are also
shown. Considerable disagreement with earlier mea-
surements'* is found.

IV. DISCUSSION: ANTIFERROMAGNETIC STATE
A. Line shapes

The onset of a large NQR linewidth below Ty (Fig.
1) is expected, due to the buildup of a static hf field
as the Ce spins freeze into particular directions and
magnitudes in the ordered state. An exact descrip-
tion of this process is very difficult, since the form of
the transferred hf coupling is not well known. In ad-
dition, the hf field at a given nucleus is a lattice sum
of contributions from Ce neighbors, which must be
evaluated for any particular configuration of Ce spin
directions and moment magnitudes.

Insofar as the modulated-moment structure
possesses one or more modulation wavelengths in-
commensurate with the crystal lattice, the nuclei will
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not experience discrete values of hf fields, but rather
a distribution over all allowed values. The existence

of line broadening rather than a shift is therefore rea-
sonable. (Any NQR shift was a small fraction of the
linewidth.)

The most striking features of the AF-state line-
width is its magnitude. From paramagnetic-state shift
measurements, described in Secs. III and V, a value
of ~5 kOe/up is obtained for the transferred hf
field. This is then by definition the local field experi-
enced by a 2’Al nucleus per Bohr magneton induced
on each (equivalent) Ce ion by the applied field in
the PM state. A fit to AF state neutron Bragg inten-
sity measurements,? based on a particular assumed
modulation configuration, indicates an average mo-
ment somewhat less than the I';-state value of 0.71
wmp. If each Ce moment contributed the same hf
field in the AF state as in the PM state, one would
expect a hf field distribution with a width of the or-
der of ~3 kOe. The observed low-temperature width
(in field units AH =27 Av/y, where y is the 2Al
gyromagnetic ratio) of 81(9) Oe is more than an or-
der of magnitude smaller.

Measurements of the nuclear hyperfine specific
heat in CeAl, for T < 50 mK indicate an average hf
field in the AF state which is reduced by a factor of 3
from the paramagnetic-state value.?> This is still an
order of magnitude larger than the NQR width, so
that a discrepancy exists between NQR and specific-
heat measurements.

An effect of lattice symmetry combined with AF
order can reduce the hf field summed over Ce lattice
sites. To see this effect in a simple example, consid-
er a nucleus equidistant between two antiparallel mo-
ments. Assuming an isotropic hf interaction, the
resultant hf field at the nucleus is zero.

The situation in CeAl, is much more complicated
than in this example. The Ce ions form a diamond
lattice in the C15 structure, and the Al ions occupy
the interstices of the diamond structure as tetrahedra
with symmetry axes in [111] directions. In the
paramagnetic state the Ce polarization induced by the
applied field is spatially uniform, and all ¥’ Al sites are
equivalent. The situation in the AF state depends in
detail on the kind of AF order. If, as suggested by
Barbara et al.,?® Ce spins are aligned parallel within
(111) planes and antiparallel between adjacent (111)
planes, then in the absence of moment modulation®
one of the four ?’Al sites in a tetrahedron satisfies
the symmetry condition described in the preceeding
paragraph: this is the site whose threefold rotation
symmetry axis lies in the AF [111] direction.

Since the pairwise hf field ﬁhf(?lj) is not well
known experimentally and is extremely hard to ob-
tain theoretically,?* we have used a simple RKKY
(Ruderman-Kittel-Kasuya-Yosida) model to estimate
the order of magnitude of expected hf fields for vari-
ous spin configurations. This yields a pairwise hf

field of the form

Hu () « S;F (2kpry) (4)
where
F(x) = (x cosx —sinx)/x* , (%)

§,- is the spin at the ith Ce site, kr is the Fermi wave
vector of the assumed free-electron conduction band,
and ry is the distance between Ce spin i and *’Al nu-
cleus j. This approach has been used previously by
Buschow and co-workers,?* % who also calculated lat-
tice sums between rare-earth sites to obtain paramag-
netic Curie-Weiss temperatures. It is taken here as
the simplest model for the hf coupling. Band-
structure effects are partially taken into account by
treating kr as a free parameter.

Lattice sums in the C 15 structure were carried out
over up to 125 cubic unit cells for three cases: (a) a
uniform Ce-spin polarization (paramagnetic state);
(b) an unmodulated AF structure of [111]-direction
ferromagnetic planes; and (c) an AF structure with
moment modulation in the [170] direction.® In case
(c) the modulation wavelength was set at 4 cubic unit
cell face diagonals for ease of calculation; the incom-
mensurate wavelength for the structure of Barbara
et al.® is not far from this value. For case (b) the hf
field vanishes at the symmetric 2’Al site.

Figure 7(a) gives the RKKY lattice sum
3, SiF(2ksR;) as a function of reduced Fermi vector
kr/kro, where kpg is the free-electron value calculated
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FIG. 7. (a) RKKY lattice sums (see text) over Ce sites /
with an Al site j at the origin, in paramagnetic and unmodu-
lated antiferromagnetic configurations of Ce ions. The re-
duced Fermi wave vector kg/kg is varied to simulate non-
free electron band structures. (b) Amplitudes of lattice
sums for the ‘‘single-¢’> modulated antiferromagnetic struc-
ture described in the text, relative to the paramagnetic-state
lattice sum [Fig. 7(a)]. The bars give ranges of values ob-
tained for the four nonequivalent 27 Al sites.
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on the basis of three conduction electrons per atom.
The PM-state values [case (a)] agree well with the
results of Buschow et al.?® The AF case was calculat-
ed using S; =+ | for the two sublattices.

For case (c) the resultant hf field is a sinusoidal
function of the phase of the moment modulation.
The amplitude of this modulation, relative to the
PM-state hf field, is shown in Fig. 7(b). The general
trend indicates a reduction of the hf field amplitude
by about 70% due to the combined effects of modula-
tion and AF order. This reduction is insufficient to
account for the reduction of a factor of about 30 ob-
served in the NQR linewidth.

The fact that the number of nuclei in small hf field
is larger than predicted from a single-¢ modulated
structure may originate in the existence of more than
one direction of modulation, as proposed by Shapiro
et al.' To demonstrate this point, a simple model
for the modulated sublattice magnetization distribu-
tion in space of the form

d
M (T) = M, [ sinx; (6)

i=1

has been investigated numerically. Here d is the
number of assumed modulation directions; the
wavelength has been taken as equal in all directions
for simplicity. [We note that the presence of an ap-
preciable fraction of sample volume in regions of low
M (T) is dependent upon commensurability in all d
directions and also upon the relative phases; the
nodes of all the sinx; must be coincident.] Figure 8
gives the probability distribution P (M) for M (F)
given by Eq. (6) and d =1, 2, and 3. It can be seen
that the distribution narrows considerably as d is in-
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FIG. 8. Model distribution functions for the sublattice
magnetization density in simple modulated antiferromagnet-
ic structure given by Eq. (6) of the text. Solid curve: one
modulation direction. Dash-dot curve: 2 modulation direc-
tions. Dashed curve: 3 modulation directions.

creased. A combination of this effect and the struc-
tural reduction of the hf field [Fig. 7(b)] is suggested
as the origin of the observed narrow NQR line.

It must be stressed, however, that the above model
calculations are highly simplified, and that a more
realistic form for F(2krR;) and for the multiple-¢
structure would both be required for comparison with
experiment. In addition there remains the experi-
mental discrepancy between the present NQR results
and the nuclear hf specific-heat data,?® which is not
understood at the present time.

B. Relaxation

The relaxation rate 1/7T, in the AF state, given in
Fig. 3, exhibits a number of features. The minimum
(long-time) values of 1/T, (see Sec. IIl A) vary ap-
proximately exponentially with inverse temperature.
If this variation is attributed to activation over an en-
ergy gap, the value of the gap is 0.87(8) meV. This
is to be compared to a ‘““‘magnon’’ inelastic neutron
peak between 0.8 and 1.3 meV observed by
Loewenhaupt and Steglich.® The agreement is good.

The inhomogeneous relaxation observed below 2.5
K, discussed in Sec. IIl A, indicates the presence of
regions in the sample where Ce spin fluctuations re-
lax nuclei more strongly than expected for thermally-
activated magnons. This additional relaxation is ten-
tatively attributed to Ce spin fluctuations in regions
of the sample near nodes in the moment modulation;
i.e., where Kondo coupling to the conduction elec-
trons results in relatively slow spin fluctuations.

Impurity spin fluctuations in the Kondo alloy CuFe
have been extensively studied by host *Cu NMR and
by quasielastic neutron scattering.!! A simple expres-
sion is obtained for the order of magnitude of the ex-
pected NMR relaxation rate at low temperatures
T << Tx, under the assumptions that (a) the static
susceptibility X of the Kondo impurity is of the order
of wj/kg Tk, and (b) the spin fluctuation time 7 is of
the order of #/kgTx. Standard relaxation theory?®
then yields

/Ty = (y,Hu/up)kgTX1/E =k (y,Hy)?T/kgTE ,

)]

where H\y is the hf coupling field.

Using the paramagnetic-shift data to estimate
Hys=5 kOe, as described in Sec. V, we obtain an es-
timated fluctuation-induced relaxation rate

1/T,=300T (sec”") , (8)

where Tx =5 K has been obtained from a number of
studies.” Equation (8) overestimates the observed
‘“‘average’’ low-temperature rate (Fig. 3) by more
than two orders of magnitude.

Several effects may play a role in removing this
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" discrepancy, although the understanding of the low-
temperature state of CeAl, is not sufficiently ad-
vanced to discriminate between them. First, spatial
correlation between hf field contributions from vari-
ous Ce neighbors of a given nucleus can render a
simple estimate of Hy; from paramagnetic shifts
inadequate for purposes of estimating relaxation
rates.!* In particular, the absence of correlation
between neighboring fluctuations would tend to
reduce 1/T, by a factor n.g, which can be interpreted
as an effective number of Ce neighbors to a *’Al nu-
cleus as discussed in Sec. V. In the PM state at high
temperatures nq;~ 10 is obtained. Although this
number is unlikely to characterize the AF state, some
of the discrepancy may be accounted for by (partial-
ly) uncorrelated Kondo fluctuations of neighboring
Ce ions.

The remaining disagreement may be related to the
crudeness of Eq. (7), but in addition it is rather likely
that spin-spin couplings between Ce ions in ‘‘Kondo”’
states at the nodes of the modulated structure act ei-
ther to reduce the amplitudes or to increase the rates
of local spin fluctuations. A theoretical investigation
of the dynamics of Kondo spins in the presence of
spin-spin interactions would be very useful in eluci-
dating this point.

The NMR relaxation data near 7y give no indica-
tion of critical behavior at the transition. This is
rather surprising, in view of the lambda anomaly in
the specific heat?” and the inflection point in the sus-
ceptibility'® at Ty, both of which indicate an extended
critical region. It is possible that the low-frequency
fluctuations effective for nuclear relaxation are
suppressed by local Kondo spin fluctuations. Again,
more detailed theoretical guidance would be useful to
understand this result.

V. DISCUSSION: PARAMAGNETIC STATE
A. Absorption spectra

The most important feature of the isotropic shift
measurements is the change of slope in K; versus the
susceptibility (Fig. 4). This indicates a temperature
dependence of the hf coupling. Such a dependence is
expected if the hf field is anisotropic, since then the
restricted symmetry of the I'; ground-state wave
function will cause it to couple differently to neigh-
boring nuclei than the I'y state.!?

A simple model for this effect assigns a phenome-
nological hf coupling field H,, to the mth CEF-split
state, and takes the contribution of the mth state to
the total shift to be proportional to the product of H,,
and the susceptibility contribution X,,. Since the tem-
perature dependences of the X,, are well known,2 an
expression for the effective time-average hf field

(H\yz), defined by

Ki(T)=(Hw(T))X(T)/N us 9
is readily found:

(th>=2Hum(T) , (10)
where

Pm=2er/2an aan
n /[ mn
and

Omn = | My 26 7#Fn (1 —

with

") Apn (12)

‘mmn|2=|(”‘gl"ﬂ‘lz‘m)lz . (13)

Here 8=1/kgT is inverse temperature, E, is the en-
ergy of CEF states n, A, is the energy difference
between states m and n, and the sums are over all
states.?®

This leads to the temperature dependence of (H )
given in Fig. 9, with the CEF splitting set® at 100 K
and the values of H; and Hy adjusted to fit the low-
and high-temperature data, respectively. The experi-
mental points are obtained from Eq. (9) after sub-
traction of the high-temperature intercept K
=0.01(2)% (Fig. 4). The agreement with the
theoretical form is quite satisfactory.

We note that H; > Hj for the fit. This result is
opposite to that found in some other Ce-based sys-
tems,'? and cannot be explained by the effective
CEF-state-dependent exchange constant JMM/ derived

by Cornut and Cogblin.’ In this theory (Hy) is
smaller for the ground CEF state than for excited
states due to an energy denominator in the modified

T llllll T T IIIHI T T
5 -
‘ \ CeAlz
’.ﬁ] ~ —
Y
[
o
g o %
-~
= H7=5.2(2)k0e/,uB L
T | Hg=28(3)kOe/up }\ %
A/kg=100(30) K
P A 8 T Y O Y ) Y T

10 100
TEMPERATURE (K)

FIG. 9. Temperature dependence of the average 2’Al hy-
perfine field (H ) in the paramagnetic state of CeAl,.
Open circles: NMR cw derivative spectra. Filled circles:
pulsed NMR spin-echo spectra. Solid line: model calcula-
tion [text, Egs. (10)—(13)], with parameter values indicated.
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Schrieffer-Wolff-Cogblin expression for JMM,.29 It

appears that some other coupling mechanism, such as
polarization of Ce 5d virtual bound states,?* may be
involved. Such interactions may also play a role in
Ce spin-spin couplings, and must be better under-
stood to obtain a clearer picture of the antiferromag-
netic phase transition.

The anisotropic shift K, is partially accounted for
by dipolar interactions between Ce ions and 2’Al nu-
clei, as reported previously.'® Dipolar coupling pro-
vides all the anisotropic shift at 300 K to within ex-
perimental error, and gives a temperature variation
opposite to that observed [Fig. 5(a)]. The tempera-
ture variation of the nondipolar contribution, ob-
tained by subtracting the calculated dipolar com-
ponent from the observed values of K,, (Ref. 16) is
similar to that of the static hf field {(H ) relative to
its high-temperature value, and is very likely due to
the same anisotropic mechanism. This point is corro-
borated by the fact that the low-temperature PM-state
values of K, relative to K; (~0.2) are about two or-
ders of magnitude greater than the relative anisotropy
in the susceptibility.>°

The electric field gradient ¢ (T) in simple metals is
found to have a temperature dependence of the form

g(M=4q(0)(1—aT? , (14)

where b = 1.5 is a number of cases.’’ The curve in

Fig. 5(b) is of this form, and is in good agreement
with the more accurate data. The 7%? temperature
dependence has been attributed to the interaction
between conduction electrons and phonons in the
metal.3! The measured ratio g (300 K)/q (0) =0.96
for CeAl, is somewhat larger than for nontransition
metals. The absence of additional temperature
dependence, particularly below 100 K, indicates that
the Ce 4f charge contribution to ¢ (7) is either (a)
very small or (b) nearly the same in the I'; and Ty
CEF states. The former possibility is likely if con-
duction states derived from Ce 54 wave functions ef-
ficiently screen the 4f charge.

B. Spin-lattice relaxation

The mechanisms which lead to the temperature
dependence of spin-lattice relaxation rates in the
paramagnetic state have been reviewed recently.’?
The processes of interest for CeAl, include (1) possi-
ble temperature dependences of the Ce-ion spin fluc-
tuation rates (critical slowing down, temperature-
dependent conduction-electron scattering'®), and the
onset at lower temperatures of short-range spatial
correlations (short-range order) in the Ce spin sys-
tem. This latter phenomenon is manifested only be-
cause the probe ?’Al nuclei sense hyperfine fields
from several Ce neighbors; the ?’Al relaxation time is

therefore sensitive to correlations between stochastic
motions of Ce neighbors as well as to the single-Ce
spin fluctuation time.

A convenient definition of the latter quantity for
NMR purposes is given by

EX”((], Dy )/wn
P
NX'(0,0)

, (15)

where X(q, w) =X'(g, w) +iX''(g, w) is the complex
Ce dynamic spin susceptibility and N the number of
Ce ions. The sum is over spatial fluctuation modes
with wave vectors g. The frequency dependence of
is slight if the nuclear resonance frequency w, is
much less than characteristic fluctuation rates, i.e., if
w,T << 1.

If the probe nuclei are each coupled to only one 4/
ion in a hypothetical compound, then it is easy to
show?? that

X/ KPT\T =2Nylkgt , (16)

where X, is the bulk 4/ susceptibility. In the more
general case (appropriate to CeAl,) the form of Eq.
(16) still holds,*® with = replaced by

S IHWE X" (g, 0,) o,

q9
NIH{P 12X'(0,0)

(17)

Teff =

Here H,f{” is the spatial Fourier transform of the
transferred hf field H;(r) between a Ce ion and a
Al nucleus separated a distance r. If a given nu-
cleus is coupled to only one ion H,ﬁ}’) is independent
of g, and Eq. (17) reduces to Eq. (15).

In the absence of correlation between Ce spin fluc-
tuations the dynamic susceptibility is independent of
wave vector, so that

Terr=C (Hp)7 (18)
where

C(Hw) =3 |H INTH 12
q
2
=2H,fr(r/[2Hhr(r)] (19)

is a prefactor describing the hyperfine coupling in the
crystal lattice. We can interpret C (H ) as the in-
verse of an effective NMR Ce coordination number
negr, since if nqp neighbors each give equal contribu-
tions to the field at the nucleus it is easy to show that

C(Hh[‘)=1/”eff . (20)

Figure 10 gives the temperature dependence of 75}
obtained from the NMR data, measured bulk suscep-
tibilities, and Eq. (16). If only these data were avail-
able, one would conclude that above 100 K the fluc-
tuation rate is approximately constant and that below
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FIG. 10. Temperature dependences of effective fluctua-
tions raies 1/7. and the ratio ng {T) = 7/7.4 in the
paramagnetic state of CeAl,. Open circles: /7.y from
NMR and-susceptibility data [Eq. (17)]. Filled circles: #/7
from neutron quasielastic scattering (Ref. 13). Triangles:
ol T}, assuming 7= 7 (neutron).

100 K the onset of ferromagnetic short-range order'*
increases 1/7, (thereby decreasing 1/r.;) without
directly affecting the hf field. Such a picture would
be consistent with the results of momentum-resolved
neutron scattering measurements,’ which aiso indi-
cated initially ferromagnetic correlations below about
80 K.

But quasielastic neutron-scattering studies of the
dynamic susceptibility have also been carried out in
CeAl."? The quasielastic peak linewidths observed in
those experiments are also plotted in Fig. 10; they are
considerably smaller than the NMR values of 1/7¢.
At high temperatures the prefactor C (H;) in Eq.
(18), which is valid for no short-range order,'* may
be significantly less than unity, so that the expected
ratio of the experimental NMR and neutron fluctua-
tion rates is biased in the observed direction. If no
correlation is assumed to be present at 300 K, then a
value of the NMR coordination number n.4=9(2) is
obtained, to be compared with the crystallographic
number of 6 Ce nearest neighbors to an Al site. This
result is reasonable.

The additional information available from the neu-
tron measurements can be used if it is assumed that
the quasielastic linewidth is in fact equal to the in-
verse of 7 defined by Eq. (15). The temperature
variation of the quantity

Hee(T) =7/7ec @b

(which no longer can be interpreted as a coordination
number) then reflects the nature (ferromagnetic or
antiferromagnetic) of the short-range order. This is
due to the bias given to n.(7) by the H\? appearing
in Eq. (17): if for reasons of symmetry H\¢ is small
or vanishes for g appropriate to antiferromagnetic

fluctuations, for example, one will expect ng( T) to
increase with decreasing temperature. If on the con-
trary ferromagnetic correlations set in, then n(7)
should approach unity as the Ce spin system fluctu-
ates coherently as a single ‘‘giant’ spin.

The temperature dependence of n.u(7T) is also
plotted in Fig. 10, where an increase with decreasing
temperature can be seen. Thus this analysis leads to
the conclusion that short-range order is antiferromag-
netic, which is opposite to the above analysis of the
NMR data alone.

The possibility remains that since neutron scatter-
ing and NMR investigations are actually probing dif-
ferent parts of the fluctuation spectrum, the results
of the two techniques should not be compared. In
fact, the rather large temperature dependence of the
neutron quasielastic linewidth is surprising at tem-
peratures more than an order of magnitude above
Ty, if the linewidth were dominated by spin-spin in-
teractions; these should yield temperature-indepen-
dent fluctuations in the high-temperature limit.!4
The neutron results have been interpreted as result-
ing from conduction-electron scattering (the Korringa
mechanism),'? but this does not answer the question
of why the spin-spin interactions are ineffective in in-
fluencing the fluctuation spectrum. Indeed, if only
Korringa scattering (possibly modified by the Kondo
effect'!) were involved, Ce fluctuations would be un-
correlated and the neutron and NMR fluctuation
rates should track each other’s temperature depen-
dence to within a constant factor 1/nq4 [Eq. (17)].
This is certainly not observed, and we interpret the
temperature dependence of the ratio of the fluctua-
tion rates as an indication that either (a) correlations
are important, and attribution of the fluctuations to
the Korringa mechanism for fluctuations is only par-
tially correct, or (b) neutron and NMR measure-
ments probe different mechanisms, on account of
their vastly different characteristic frequencies (10°
sec™! for NMR; 10! sec™! for neutrons).

It would be very useful to have neutron data for
low momentum transfers, as direct probes of the na-
ture of the spatial correlations.

V1. CONCLUSIONS

Nuclear resonance experiments in CeAl, have
vielded information on spin configurations and low-
lying fluctuations in the antiferromagnetic ground
state, and on Ce spin correlations and crystal-field ef-
fects in the transferred hyperfine field in the para-
magnetic high-temperature state. In the antifer-
romagnetic state a serious discrepancy exists between
hyperfine field values obtained from zero-field NQR
spectra at 1.5 K and from nuclear hyperfine specific-
heat measurements below 50 mK.?* The latter exper-
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iments yield a hyperfine-field value three times
smaller than that obtained by NMR in the paramag-
netic state; such an effect was in fact obtained using a
‘‘single-g’” model for Ce moment modulation in Sec.
IV, and is a consequence of (average) Al site sym-
metry with respect to the modulated structure. But
the NQR linewidths at 1.5 K are narrower by an or-
der of magnitude than such an effect can explain.

We tentatively identify this result with the presence
of coherent moment modulation in several directions
(the “‘multiple-¢q’’ structure), in which cospatial
nodes provide an appreciable fraction of the specimen
for which the local hyperfine field is anomalously
small. The discrepancy with the specific-heat results
is not understood; a change of magnetic structure
between 50 mK and 1.5 K is one hypothetical cause
which, however, finds no justification in other experi-
ments.’

The onset of inhomogeneous relaxation below
~0.65Ty is attributed to the same modulated struc-
ture. Regions of rapid nuclear relaxation (high low-
frequency noise power) are those for which single-ion
Kondo condensation® has reduced the frequencies of
the low-lying excitations. Regions of large Ce mag-
netization density are characterized by an energy gap
for excitations typical of antiferromagnetic magnons.
A similar ‘‘softening’’ of the mode structure by the
Kondo effect has been invoked by Walker and Wal-
stedt® to explain the low-temperature behavior of the
magnetic specific heat in spin-glass AuFe, which is
another system for which competition between the
Kondo effect and magnetic ordering should exist.

The temperature dependence of the time-averaged
hyperfine field in the paramagnetic state is given a
natural explanation if the hyperfine coupling differs
between crystal-field split Ce ionic states; i.e., the
coupling is anisotropic. This conclusion is also con-
sistent with the rapid onset of an appreciable aniso-
tropic shift (Fig. 5) as the excited crystal-field level is
depopulated below 100 K.

The relaxation-rate increase below 100 K might at
first sight be attributed to the increase in the hyper-
fine coupling, but the increase is considerably larger
than can be so explained. The effective NMR fluc-
tuation rate 7o is normalized to remove the direct

effect of a temperature-dependent coupling, and
nevertheless exhibits a strong decrease below 100 K
(Fig. 10). This dependence is opposite in direction to
that predicted by Sugawara'® on the basis of crystal-
field effects on the fluctuation spectrum, and its
cause must be sought in an understanding of the
temperature dependence of the low-frequency fluc-
tuation power per Ce spin, or the effect of spatial
correlation of Ce spins on the behavior of the hyper-
fine field, or both of these considerations.

The present investigation, in contrast to a previous
study of NMR and neutron-scattering estimates of
fluctuation rates in the intermediate-valent com-
pound YbCuAl,>*? yields a wide discrepancy
between NMR and neutron fluctuation rates.
Although part of this discrepancy is probably due to
symmetry effects in the hyperfine coupling for NMR,
the temperature dependences of the two measured
fluctuation rates are not easily understood in a com-
mon theoretical picture. In particular, it is hard to
understand the NMR data if the Ce fluctuations are
dominated by conduction-electron Korringa scatter-
ing, as suggested by the neutron results.!> Clearly
more work is required to understand dynamic
processes in this complex system.
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