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Magnetically inhomogeneous ground state of CeA13. A.n NMR study
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We report Al nuclear-magnetic-resonance (NMR) studies on partly oriented powder of CeA13 in the

temperature range between 0.03 and 10 K. Below 2 K the NMR line shape shows a broad structure, increasing

in relative intensity with decreasing temperature. In part of the sample the nuclear magnetization relaxes via a

single T&, following a Korringa law below 0.6 K. The remaining fraction of nuclei relaxes via a distribution of
lower relaxation rates. These two-component NMR spectra manifest a gradual and spatially inhomogeneous

development of magnetic correlations in regions with strongly reduced Ce-ion moments.

CeA13 has for a long time been considered as a typical
heavy-electron metal whose itinerant electrons form a simple
Fermi-liquid ground state with strongly renormalized
parameters. ' Previous thermal and transport measurements
have given no hint of any cooperative phase transition down

to temperatures below 1 mK, ' but a p, SR study has indi-

cated that frustrated quasistatic magnetic correlations appear
below 2 K in CeA13, becoming partly coherent below 0.7
K. ' Different conclusions have been drawn from two differ-
ent NMR studies. Nakamura and co-workers claimed a
phase transition to an antiferromagnetic state occurred at 1.2
K, and more recently Wong and Clark found no indication
of a phase transition to a magnetically ordered state down to
0.5 K. The properties of CeA13 are known to be extremely
sensitive to sample preparation techniques and chemical
composition. Therefore, we have performed NMR measure-
ments on samples prepared from the same material used in
the previous p, SR studies and well characterized by transport
and thermal properties. We find that at low temperatures
spatially inhomogeneous magnetic correlations among
strongly reduced Ce moments develop in CeA13 coexisting
with normal paramagnetic regions.

CeA13 crystallizes in the hexagonal Ni3Sn-type structure
with the Ce ions on equivalent sites of hexagonal symmetry.
The corresponding ground state of the Ce 4f electrons is
doubly degenerate, 1,= ~

~

—,'), and the doublets ~ ~-', ) and

~~~) are at 60 and 87 K. The susceptibility has a large
anisotropy, y being larger along the c axis. We have used
this property to orient our sample by applying large fields at
temperatures below 1 K. The Al ions are on equivalent sites
with only two orthogonal mirror planes. The six Zeeman
energy levels of the Al nuclei, combine into a very compli-
cated NMR powder spectrum due to an anisotropic Knight
shift and quadrupolar interactions with no axial symmetry.

The NMR sample was prepared by carefully powdering a
well-characterized piece of CeA13 in a He atmosphere.
Most of the grains have linear dimensions of less than 50
p, m. The powder was placed inside the coil of a tuned tank
circuit in the interior of the mixing chamber of a dilution
refrigerator. The NMR signal at a given field was obtained
by integrating the spin-echo signal, and the NMR spectra
were monitored by stepwise changing the magnetic field at

the chosen frequency. In what follows we use the term "in-
tegrated intensity" to refer to areas under the spectrum. The
spin-lattice relaxation rate was measured by destroying the
nuclear magnetization with a long comb of rf pulses and

observing the recovery as a function of time. Previously, we
attempted to irradiate only the central part of the NMR spec-
trum. This procedure, also used by Nakamura and
co-workers, yielded no indication of a phase transition be-
low 4 K. The fits of the expected multiple-exponential recov-
ery function to the data were progressively worse with de-
creasing temperature. Accordingly, we indicated the
possibility of inhomogeneous relaxation in preliminary
reports. '

Subsequently we have chosen to perform spin-lattice
relaxation-rate measurements using a similar procedure as
indicated above, but in addition we modulated the static field
while the comb of rf pulses was applied. In this way we
irradiated the whole NMR spectrum at a fixed frequency. For
single-channel relaxation, this technique yields a single-
exponential recovery function, even for broad and compli-
cated spectra. Inhomogeneous relaxation may thus be identi-
fied by observing deviations from a single-exponential
recovery function. Care must be taken to irradiate the whole
NMR spectrum uniformly, which normally is achieved by
using a large number of rf pulses. In practice one must limit
this number to avoid heating of the sample, which in our
experiment has been a major concern. The finely powdered
CeA13 sample was in direct contact with the liquid

He/ He mixture inside the mixing chamber of a dilution
refrigerator below 4 K, and in He gas at higher tempera-
tures. The applied power was varied to check for heating
effects at various temperatures. The previously measured
low-temperature NMR spectrum of randomly oriented pow-
der of CeA13, has a very complicated line shape. ' ' As we
show below, the NMR spectra on partially oriented powder
reveal more distinct features, in particular the presence of
two components at low temperatures.

We have succeeded in performing NMR studies on par-
tially oriented powder of this material at frequencies of
0.971, 3.964, 6.968, 7.331, and 10.651 MHz in the tempera-
ture range between 30 mK and 10 K. In Fig. 1 we show
examples of our NMR spectra from partially oriented pow-
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FIG. 1. NMR spectra of partially oriented CeA13 at a frequency
of 6.968 MHz and various temperatures. The broken lines are esti-
mates of the contributions originating in the correlated phase (C)
(see text).

der at 6.968 MHz. Here the expected five-line spectrum is
distorted by the signals from randomly oriented grains,
which produce the highest peak in each spectrum. Neverthe-
less, four of the five lines from the oriented-powder pattern
are also clearly distinguishable. We also distinguish a broad
structure (broken lines) whose integrated intensity increases
faster than T ' as the temperature decreases. As expected for
a system of noninteracting nuclear magnetic moments, the
integrated intensity of the total NMR spectrum has an ap-
proximate T ' temperature dependence, therefore, it is clear
that below 3 K, the integrated intensity of the broad structure
increases progressively at the expense of the rest of the NMR
spectrum. This structure cannot be caused by a temperature-
dependent Knight shift since, as can be appreciated by com-
paring Figs. 1 and 2(a), its total width (as extrapolated to
zero amplitude) is roughly field independent. We also rule
out the nuclear quadrupolar interaction as the origin of this
signal because we do not see any mechanism that may sig-
nificantly alter the field gradients below 3 K. In fact, in this
temperature regime, the quadrupolar splitting is temperature
independent as judged from inspecting the signal from the
oriented part of the sample.

In Fig. 2(a) we show NMR spectra of again partially ori
ented powder, with the c axis along the direction of the ex-
ternal field, at the frequency of 3.964 MHz. They are fully
consistent with the spectra obtained at other frequencies, for
example, at 6.968 MHz as shown in Fig. 1. The slight dif-
ferences are well explained by the presence of an anisotropic
and temperature-dependent Knight shift previously reported
by other workers. ' ' The broken lines again reveal the
broad background whose integrated intensity clearly grows,
relative to the total spectrum, with decreasing temperature.
The line shape of this background signal was assumed to
vary smoothly as indicated in Figs. 1 and 2(a). Below we
associate this intensity with a magnetically correlated phase

FIG. 2. (a) NMR spectra of partially oriented CeA13 at a fre-

quency of 3.964 MHz and various temperatures. The broken lines
are estimates of the contributions originating in the correlated phase
(C). For T=2.25 K, the dotted line indicates the high-field part of
the spectrum for the paramagnetic phase in oriented grains (OP)
while the solid line gives the entire spectrum including contribu-
tions from the paramagnetic phase in randomly oriented grains
(RP). (b) Integrated intensity of the correlated phase expressed as a
fraction f(T) of the total spectrum obtained from the NMR spectra
(empty circles) and magnetic relaxation data (full circles) (see text).

gradually developing in CeA13 at low temperatures. For
T= 2.25 K, the dotted line indicates an estimate of the high-
field part of the spectrum from the paramagnetic phase of the
oriented grains. We also note a sharp maximum and addi-
tional intensity, representing the powder pattern from the
randomly oriented paramagnetic phase of the sample which
is dominated by crystallites with the c axis perpendicular to
the applied field. The oriented fraction of about 60%, was
estimated by comparing the corresponding integrated inten-
sities. The same fraction was obtained in several runs, at-
tempts to enhance it failed. Fits to the spectra with no broad
background, i.e., above 3 K, but containing also the contri-
bution from randomly oriented powder, yielded good agree-
ment with the results obtained by previous workers. ' Differ-
ences in observation and interpretation occur at low
temperatures.

In Fig. 2(b) two independent estimates of the integrated
intensity of the broad structure, f(T), expressed as a fraction
of the integrated intensity of the total spectrum are given as
a function of temperature. The broken line represents

f(T) = 0.6[1—(T/3. 2)2j.

In one case the integrated intensity is derived from fits to the
wings of the NMR spectra (empty circles) and a second pos-
sibility, to be discussed below, uses fits to magnetic relax-
ation data (full circles).

We emphasize, that we have no indication of a coopera-
tive phase transition to a magnetically ordered state near 3 K.
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The two components in the NMR spectra indicate two dif-
ferent regions of the sample. We postulate that the broad
structure is due to regions with correlated magnetic mo-
ments. The rest of the spectrum we ascribe to a normal para-
magnetic phase. In the correlated phase a distribution of in-
ternal static fields at the Al sites with an amplitude of the
order of 0.5 kG corresponds to Ce moments of less than 0.05
p,z. We note that this value does not vary much with tem-
perature. This observation is compatible with previous p, SR
results. With decreasing temperature, an increase of the
width of the individual lines in the paramagnetic phase is
observed [see Fig. 2(a)]. An intrinsic broadening of the spec-
trum representing this phase is not expected because both the
relaxation rate and the susceptibility are nearly temperature
independent. One may then speculate that an increasing and
significant fraction of Al sites are near the boundary with the
correlated phase, implying that the correlated phase may ap-
pear in rather small regions whose number increases as the
temperature lowers. In this sense, the phenomenon has some
similarities with first-order phase transitions occurring in dis-
ordered magnetic systems but here, we are dealing with an
unusually broad region of coexistence of correlated and para-
magnetic regions.

The results of the relaxation-rate measurements per-
formed at various fields near the line center corroborate the
picture of two coexisting phases for CeA13 at low tempera-
tures. By modulating the static field during application of the
comb of rf pulses we obtained a single-exponential recovery
of the magnetization at temperatures above 3 K, as expected
for homogeneous materials whose relaxation is characterized
by a single T& . At lower temperatures a strong alteration was
observed. The magnetization recovery data m(t, T) as a func-
tion of time t and temperature T could not be satisfactorily
fitted with one- or two-exponential functions. Our data, how-
ever, could be fitted very well to a function of the form

m(t, T) (

(,T)
= 1 — [1 f(T)]exp T—

, (T)

t
+f(T)exp-

~r T
/

(2)

where T&(T) is the spin-lattice relaxation time of the normal
phase of CeA13, r(T) is a parameter characterizing the re-
laxation in the correlated phase, and f(T) is the fraction of
the integrated intensity due to the correlated phase obtained
from the spectra. This parameter f(T) resulting from fittings
with Eq. (2) is expected to be somewhat smaller than f(T)
derived from analyzing the spectra. Nevertheless, we observe
that these two quantities show the same temperature depen-
dence, suggesting a common origin; namely the gradual de-
velopment of a new phase below 3 K. Although the choice of
a stretched exponential function was guided by the "best fit"
criterion, such a recovery is expected to occur in systems
where the relaxation is either due to nonrandom fIuctuations
or characterized by several T&'s. ' Both scenarios are plau-
sible for a phase that is gradually developing and where cor-
relations among Ce moments are thought to be present. '"'
We emphasize that our T& measuring technique has been
designed to avoid extraneous factors that may lead to devia-
tions from the expected single-exponential recovery func-
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FIG. 3. (a) Magnetization recovery curve measured at a fre-
quency of 7.331 MHz and a temperature of 0.65 K. The solid line is
a fit using Eq. (2) given in the text; (b) Spin-lattice relaxation rates
measured at a frequency of 7.331 MHz as a function of tempera-
ture. Data above 3 K (full triangles) were obtained from fits to
single-exponential magnetization recoveries. Below 3 K, two terms
were considered. The full circles correspond to parameter 7. of the
stretched exponential (see text). The empty circles denote T, .

tion. Among other things, we believe that neither spin diffu-
sion nor incomplete saturation of the magnetization play a
major role in our experiments. Testing our assumptions
would include T& measurements at very low temperatures
and far from the center of the spectra, where only the corre-
lated phase contributes to the signal. Several technical diffi-
culties render such tests impractical for the time being.

An example of a fit and the resulting values of T& and 7.

obtained from these fits as a function of temperature are
shown in Fig. 3. The relaxation rate T& (T) associated with
the normal phase joins the behavior smoothly above 3 K and
agrees well with previous results. ' ' The Korringa-type
variation for T& below 0.6 K, is expected from thermody-
namic and transport measurements, but the relaxation rate

' is less easy to interpret. In analogy to cases of ordering
of small moments in some heavy-electron metals, ' the con-
siderable decrease of v. ' with decreasing temperature may
be interpreted as a growing degree of correlation among fluc-
tuating Ce moments. As opposed to magnetic ordering,
where a Korringa type of T, (T) is reestablished at low
temperatures, ' ' no such trend is observed for the correlated
phase of CeA13. It remains a puzzle, how these correlations
affect the thermodynamic and transport properties. At the
moment we have no full description and we only note that
because thermodynamic properties usually probe k~0, a
large part of the correlated-phase properties may effectively
be averaged out.

Finally we discuss whether the effects that we associate
with a correlated phase could be due to other factors not
intrinsic to CeA13. While we cannot completely rule out this
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possibility, we believe that the phenomena we describe are
also present in various degrees in previously published work
on CeA13, although different conclusions have been reached
by various authors. The low-field NMR spectra presented by
Nakamura and co-workers have similar features as our
NMR spectra, including the broad structure, and Wong and
Clark reported small deviations from a single-exponential
recovery at low temperatures. ' The main suspects to cause
a broadening of NMR spectra at low temperatures are mag-
netic impurities. Fortunately there has been related work to
practically rule out this possibility (see Refs. 14 and 18). In
NMR measurements at temperatures above 1 K, 2% of Gd
impurities in CeA13 cause an extra broadening of the NMR
spectra of the order of 20 G. Similarly the effect on the
spin-lattice relaxation rate is within the experimental uncer-
tainty. This implies that the effects that we encounter in our
NMR measurements, which are an order of magnitude larger
than those produced by 2% of Gd impurities, are not due to
magnetic impurities. Nevertheless, we keep in mind that
paramagnetic impurities do cause a relaxation rate of the
form of a stretched exponential as shown by Tse and
Hartmann' but only under conditions where spin diffusion is

strongly inhibited. Magnetic impurities in CeA13 are most
likely in another regime, the diffusion-limited relaxation. '

In conclusion, the results of our NMR measurements cast
serious doubts on a simple Fermi-liquid description of the
electronic ground state of CeA13. Below 3 K, gradually a
new phase develops in CeA13 thought to arise from correla-
tions among Ce 4f electron moments, and confirming results
of p, SR experiments performed on a sample prepared from
the same piece of material. The relative volume of the cor-
related phase increases as the temperature decreases, reach-
ing about 60% of the total sample below 0.5 K. Its spin-
lattice relaxation rate is strongly and progressively
suppressed with respect to the relaxation in the normal para-
magnetic phase, which follows a Korringa-type variation be-
low 0.6 K. All this indicates that the low-temperature state of
CeA13 is characterized by the coexistence of two magneti-
cally very different phases.
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