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S. C. Chen and C. S. Lue*
Department of Physics, National Cheng Kung University, Tainan 70101, Taiwan

(Received 6 October 2009; revised manuscript received 28 December 2009; published 18 February 2010)

We report the results of a YAl nuclear magnetic resonance (NMR) study on the mixed valence compound
CeFe, Al at temperatures between 4 and 300 K. This material has been of current interest due to indications
of Kondo insulator behavior. Five >’Al NMR resonance lines that are associated with five nonequivalent
crystallographic aluminum sites have been resolved. For each individual aluminum site, the temperature-
dependent NMR Knight shift exhibits a character of valence fluctuation behavior with a broad maximum at
around 70 K. At low temperatures, the Knight-shift results show a thermally activated feature, indicating the
formation of an energy gap in this material. We interpret the Knight-shift data based on a proposed model
density of states and the gap size of 110 K is properly estimated. A further analysis indicates that the observed
gap in CeFe,Al, should be characterized as a pseudogap with a finite number of carriers at the Fermi level.
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I. INTRODUCTION

Rare-earth based materials with valence fluctuation be-
havior usually exhibit a characteristic signature with a broad
maximum in the magnetic susceptibility. Their nonmagnetic
ground state has been associated with the strong correlation
effect due to the localized f-electron wave functions.!? In
some cases, the hybridization between the localized f and
conduction band electrons results in a narrow band gap at the
Fermi level, leading to a semiconducting character in the
transport properties.® Materials of this prototype are called as
the hybridization gap semiconductors or Kondo insulators.
During the past decades, a small class of f-electron systems
such as YbB,, Ce;Bi Pt;, and CeNiSn have been discovered
to possess hybridization gaps.*6

Recently, CeFe,Al;, was proposed to be a Kondo insula-
tor by Muro et al.” This material adopts an orthorhombic
YbFe,Al,(-type structure (space group Cmcm).® Within this
structure, the trivalent Fe ions are nonmagnetic while Ce
ions are of mixed valence with Ce** and Ce**. The mixed
valence behavior manifests itself in a broad maximum at
around 70 K in the bulk magnetic susceptibility.” The result
of the heat-capacity measurement has further confirmed no
long-range magnetic ordering above 2 K.” In addition, the
temperature-dependent electrical resistivity data show a
negative temperature coefficient, a typical character for a
semiconductor.”” These features are in reminiscence of hy-
bridization gap characteristics. However, the relative large
linear specific-heat coefficient y=14 mJ/mol K* suggests a
finite density of states (DOS) at the Fermi level (Ef), con-
trary to the insulating nature expected for this material.

It is generally believed that bulk property measurements
usually fail to yield reliable estimations if impurity phases
and/or defects appear in the samples. Hence, to clarify the
physical properties of the materials requires a detailed analy-
sis at the microscopic level. The nuclear magnetic resonance
(NMR) measurement is such a local probe which provides
intrinsic information, despite the presence of impurities and
other extrinsic effects.!®!! In this investigation, we thus em-
ployed NMR techniques to probe the electronic and mag-
netic characteristics of CeFe,Al,,. Based on the atomic po-
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sitional parameters refined by Thiede et al.® aluminum
atoms have five nonequivalent crystallographic sites in
CeFe,Al;,, showing three types of coordination environ-
ments. The Al(1) and Al(2) atoms occupy the 8g sites (in
Wyckoff notation) and the former has a shorter averaged
interatomic distance from the surrounding neighbors. Al(3)
and Al(4) reside the 8f sites and the Al(3) atom has a longer
averaged interatomic distance. The Al(5) atoms occupy the
8e site which is the highest atomic site symmetry among
these five Al sites. Since these Al sites are nonmagnetic, it
allows us to probe the magnetic features of Ce ions through
the transferred hyperfine interaction, a transfer of the mag-
netic 4f spin from the cerium ions onto the aluminum 3s
orbitals in the present case of CeFe,Al.

II. EXPERIMENT AND DISCUSSION

Polycrystalline compound CeFe,Al,, was prepared by an
ordinary arc-melting technique. Briefly, the mixture of 99.9%
Ce, 99.97% Fe, and 99.99% Al elemental metals with the
stoichiometric ratio was placed in a water-cooled copper
hearth and then melted several times in an argon flow arc
melter. The weight loss during melting is less than 0.5%. To
promote homogeneity, the as-cast sample was annealed in a
vacuum-sealed quartz tube at 800 °C for seven days fol-
lowed by furnace cooling. The resulting ingot, which tends
to be brittle, was grounded to powder. A room-temperature
x-ray diffraction taken with Cu K, radiation on the powder
specimen was identified within the expected Cmcm phase, as
displayed in Fig. 1. Most reflection peaks in the diffraction
pattern could be indexed according to the YbFe,Al ,-type
structure.'> Few minor peaks were identified to arise from
the impurity phase of CeAl which had little effect on the
NMR measurements. A more detailed analysis of the x-ray
data, in which the YbFe,Al,-type structure was refined with
the Rietveld method. We thus obtained the lattice constants
a=9.007 A, b=10.231 A, and ¢=9.079 A for CeFe,Al,,.
These values were found to be close to those reported in the
literature.”™

NMR measurements were performed using a Varian 300
spectrometer, with a constant field of 6.9437 T. A home-built
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FIG. 1. (Color online) X-ray diffraction pattern for CeFe,Al,,,.
Reflections are indexed with respect to the Cmcm phase. Weak
impurity peaks marked by asterisks had been identified to be due to
the CeAl phase.

probe was employed for both room-temperature and low-
temperature experiments. To avoid the skin depth problem of
the rf transmission power, a powder sample was used. The
specimen was put in a plastic vial that showed no observable
2’Al1 NMR signal.

A. Quadrupole interaction and site identification

In order to explore the local electronic properties for each
Al site of CeFe,Al;,, we performed nuclear quadrupole reso-
nance measurements providing well-resolved satellite lines
for all Al sites. In this investigation, wide-line satellite spec-
tra were mapped out by integrating spin-echo signals of vari-
ous excitations.!> Due to electric quadrupole coupling, the
2’Al NMR spectra (I= %) are composed of five transition
lines per site so that five nonequivalent Al sites result in 25
resonance lines. In addition to the central transition lines
which were displayed separately in Fig. 3, the remaining 20
satellite lines were resolved, as demonstrated in Fig. 2. The
sharp satellite line feature in CeFe,Al,, indicates that this
material is well ordered as the disorder effect usually broad-
ens the NMR spectrum due to hyperfine field inhomogeneity.
Such a phenomenon is commonly observed in the chemically
doped systems where the distinctive satellite lines gradually
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FIG. 2. (Color online) Fully resolved satellite lines for five non-

equivalent crystallographic Al sites in CeFe,Al;,. For each indi-

vidual Al site, the transitions of m= = %<—> i% were indicated by
long dashed arrows and m=* 3o %2 by short solid arrows,

¢ 2 2
respectively.
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TABLE I Quadrupole frequency v, in MHz, temperature-
independent Knight shift K, in %, and hyperfine coupling constant
Ay in kOe/ up for each individual Al site of CeFe,Al,y.

Site VQ KO Ahj
Al(1) 2.64 0.012 0.68
Al(2) 1.78 0.071 1.34
Al(3) 1.20 0.083 2.74
Al(4) 1.56 0.037 1.67
Al(5) 0.89 0.113 3.94

smear out with increasing the doping level.'%!3

For a powder sample, as in our experiment, these lines
exhibit as a typical powder pattern, with distinctive edge
features corresponding to the quadrupole parameters. The
four edge singularities for each Al site arise from m
== %<—> * % (long dashed arrows) and m= = %<—> + % (short
solid arrows) transitions. Since the first-order quadrupole in-
teraction is the main effect shaping the satellite lines, the
quadrupole frequencies, vps, were determined directly from
these lines. Here vp=3eQV,,/(2/(2I-1)h is defined by the
nuclear quadrupole moment Q and the largest principal axis
component of the electric field gradient (EFG) tensor V...
This effect arises from the noncubic arrangement of the
charged lattice ions and the nonuniform charge density of the
conduction electrons due to orbital motion. Attempts to re-
produce the observed EFGs with a simple point-charge
model yield unreasonable charge transfers. In fact, the elec-
tronegativity difference between the surrounding and Al at-
oms is low and hence the ionicity does not play a significant
role on bonding nature of CeFe,Al;,. With this respect, the
valance charges would be the major source for the observed
EFGs.

Site identification for CeFe,Al,, is given by virtue of
crystallographic criteria as follows:® Each Al(5) atom occu-
pies the 8e site which is the highest atomic site symmetry
among these five Al sites. Therefore Al(5) experiences the
weakest EFG from the surrounding neighbors, corresponding
to the smallest v, of 0.89 MHz for this site. Al(1) and Al(2)
have the same site symmetry, 8g, the lowest point symmetry
in the present crystallographic environment. Also the aver-
aged interatomic distance of the surrounding atoms measured
from Al(1) is shorter than that from Al(2), leading to the
strongest EFG sensed by the Al(1) site. It is thus reasonable
to associate the largest vy of 2.64 MHz with this site. The
Al(3) and Al(4) atoms reside the 8f sites, and Al(3) has a
longer averaged interatomic distance than that of Al(4). By
analogy to the comparison between Al(1) and Al(2), a rela-
tive small v, of 1.20 MHz should be assigned to the Al(3)
site. On these bases, all observed satellite lines for CeFe, Al
were thus indexed and the corresponding v, values were
summarized in Table I.

B. Central transition and Knight shift

Central transition (m=+%<—>—%) line shapes were ob-
tained from spin-echo fast Fourier transforms using a stan-
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FIG. 3. (Color online) ’A1 NMR central transition spectra of
CeFe,Al;) measured at various temperatures. The dashed vertical
line denotes the position of the 1Al reference frequency.

dard 7/2—7—m sequence. In Fig. 3, we displayed several
representative spectra taken at various temperatures. As one
can see, the spectra are quite complicated because of the
combination of five Al sites and the simultaneous presence of
anisotropic Knight shift as well as second-order quadrupole
effects. While the latter may result in a double-peak feature
for each individual Al site, the anisotropic Knight-shift effect
could deform the feature, leading to a nonsymmetric single
resonance line as what we observed here. Attempts to de-
compose each spectrum into five components using qruadru-
polar broadening together with the anisotropic Knight effect
cannot yield an unambiguous result. On the other hand, we
can identify each individual site from quadrupole transitions
as the central transition appears approximately at the mid-
point of the separated satellite lines. Five decomposed Al
sites, denoted from the high-frequency side as Al(5), Al(3),
Al(2), Al(4), and Al(1), respectively, were thus labeled in
Fig. 3. It is worthwhile mentioning that a recent study of the
isostructural compound CeRu,Al;, also revealed a similar
result, suggesting that the presentation here is reliable.'®
Note that the five-component feature remains visible at low
temperatures, indicative of the minor line broadening arising
from magnetic dipolar interactions. Hence, the NMR re-
sponse confirms the nonmagnetic ground state for
CeFe,Al,(, being consistent with the specific-heat result.”
In Fig. 4, we showed the observed temperature-dependent
NMR Knight shifts (K,,,s) for all Al sites of CeFe,Al,,. Here
each K, was estimated from the center of the gravity of the
corresponding central transition line, referred to the *’Al
resonance frequency of one molar aqueous AlCl;. It is ap-
parent that the whole temperature variation in each K, is
quite consistent with the magnetic susceptibility, showing a
broad maximum at around 7,,,,=70 K and a rapid decrease
by further lowering temperature. All low-temperature K ;s
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FIG. 4. (Color online) Temperature dependence of the resolved
2TAl NMR Knight shifts in CeFe,Al;,. Solid curves are fits to the
model DOS schematically described in the inset of the figure.

exhibit thermally activated behavior, indicating the existence
of a gap in the energy spectrum. For the rare-earth based
compound, K, is a sum of two parts as K,,,=K,+K_s The
first term K|, is temperature independent, while K_s which
reflects the f-electron behavior through the transferred hyper-
fine interaction via conduction electrons, is a function of
temperature. In general, each observed NMR Khnight shift
here is related to the magnetic susceptibility x by the expres-
sion

. . AW
KON =K+ —y(1), i=1-5. (1)
Napp

Here Aﬁl’} is the hyperfine coupling constant due to an inter-
mixing of Al s and Ce f states for the specific Al site. The
data of y were measured with a superconducting quantum
interference device (SQUID) magnetometer (Quantum De-
sign) under an external field of 1 T. The temperature depen-
dence of x(7) in the range between 2 and 300 K was given in
the inset of Fig. 5. The feature of the y curve is similar to
that reported by Muro et al.,” exhibiting a broad maximum at
T,..x=70 K. The Clogston-Jaccarino plot'” which shows the
observed Knight shifts against y(7) is demonstrated in Fig.
5. Each linear behavior indicates a unique hygyerﬁne coupling
constant and the slope yields a value of Ah’} for the corre-
sponding Al site. The magnitudes of AE,’} ranging from 0.68 to
3.94 kOe/ up were also tabulated in Table 1.

As mentioned above, the electronic and magnetic features
of CeFe,Al;, are in reminiscence of the Kondo insulators
such as Ce;Bi Pt; and SmBg.>'® The hybridization gaps in
these materials have been satisfactorily characterized by a
model density of states, N(E), for the 4f band which consists
of two sharp rectangular bands, separated by an energy gap
A with the Fermi level in the center.!”?° The bandwidth W of
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FIG. 5. (Color online) Variation in the observed Knight shifts
versus the magnetic susceptibility in CeFe,Al;y. Each solid line
indicates the linear relationship. Inset: measured y(7) of CeFe,Al;,
under a constant field of 1 T.

the proposed DOS is very narrow owing to the characteris-
tics of f electrons and N(E) can be thus expressed as

A A
0, |[E-Ef = 5 E-Ef = 5+W
NE)=| A @)
—, —=<|E-Eg=—+W.
2w 2 2
A schematic diagram of N(E) was illustrated in the inset of

Fig. 4. Within this scenario, the 7T-dependent susceptibility
(so as the Knight shift) is given by

1) = J N(E){— %}M 3)

where f(E,T) is the Fermi-Dirac distribution function. As in
the case of x(T), each experimental K') (T) was fitted to Eq.
(3) plus (f) and the corresponding fitting result was dis-
played as a solid curve in Fig. 4. These fits reveal a consis-
tent gap A=110x20 K with the bandwidth W
=100+30 K. Comparing to other experimental results,”” a
gap of about 100 K estimated from the magnetic specific
heat and a gap size of 105 K deduced from the electrical
resistivity are very similar to the value extracted from
NMR 2!

For a semiconductor, there is no residual DOS at the
Fermi level and the observed T-independent Knight shift
would be attributed to the orbital shift (K,,,). Comparing to
other Al NMR shifts in solids,?? for example the zinc-
blende semiconductors with shifts in the range +0.007%—
+0.014%, we see that several K(()i)s here are unreasonable
large. This is more obvious from the shift of Al(5): the value
of K£5)=0.113% is not likely to be accounted for by the
orbital shift only. Rather, the s-contact Knight shift (K)
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FIG. 6. (Color online) Temperature dependence of *’Al spin-
lattice relaxation rates in CeFe,Al;, and LaFe,Al;,. The magnitude
of (1/T,)’s for LaFe,Al;, has been multiplied by two for clarity.
The solid curve is the fitted function according to Eq. (4) for
CeFe,Aly. The solid diamonds represent the contribution of
(1/T); in CeFe,Aly.

should contribute to the observed shift for the present case of
CeFe,Al;,. This implies that there exists a finite number of
carriers at the Fermi surfaces according to the relationship of
the s-contact Knight shift to the s-DOS in metals.?® A similar
observation was found for CelrSb, which was originally con-
sidered to possess a true gap, but found from the Knight-shift
analysis to be a semimetal with a narrow pseudogap at the
Fermi level.>* With this respect, the scenario of a pseudogap
rather than a band gap would be more realistic to the under-
standing of the band feature around the Fermi level in
CeFe,Al;,. Such an argument is consistent with the low-T
specific-heat data,® showing a moderate linear specific-heat
coefficient y=14 mJ/mol K2, which seems to be too large
for a real semiconductor.

C. Spin-lattice relaxation rate

To gain more insight into the gapped characteristics of
CeFe,Al;),, we performed the spin-lattice relaxation rate
(1/T,) measurement, being sensitive to the low-energy exci-
tations. Because it is difficult to isolate these resonance lines
in the relaxation rate experiment, we only measured the
high-frequency line, mainly, associated with the Al(5) site.
As shown in Fig. 6, the high-T" 1/T; exhibits a weak tem-
perature variation. Such an observation is similar to those
found in other Kondo insulators such as SmBg and
YbB,,.!%2326 Upon lowering temperature, 1/7 gradually de-
creases and then exhibits a rapid upturn after passing through
a minimum at around 45 K. The entire temperature depen-
dence of 1/T] is presumably attributed to the combination of
two origins as 1/T;=(1/T,)+(1/T,),. The first term repre-
sents the contribution from Ce 4f ionic magnetism which is
dominant at low temperatures. The second term is the relax-
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ation rate due to Al 3s electrons which reflects the character
of the electronic DOS near the Fermi level. Therefore,
(1/T,), should obey the form by analogy to the treatment of
the Knight shift as

1) If(E,T)
<T1>s TfN(E)z{——aE }dE. (4)

Using the same parameters W=100 K and A=110 K ob-
tained from the Knight-shift analysis, we could reproduce the
temperature dependence of (1/7}),, drawn as a solid curve in
Fig. 6. It is apparent that the simulated (1/T,), agrees well
with the high-T data, suggesting that the present analysis is
quite reliable.

Analysis of the low-7 1/T result is complicated by the
significant contribution from Ce 4f ionic magnetism and a
possible mixture of relaxation channels from other Al sites.
Since the effect of (1/7)), is less important at low tempera-
tures, the observed low-71/T, feature could qualitatively
represent an averaged transfer of magnetic f spin onto Al 3s
orbitals, providing a probe the Ce** spin dynamics. For the
Ce 4f relaxation rate, it can be estimated by subtracting the
computed values of (1/T;), from the measured data. The
obtained (1/T), also given in Fig. 6, indeed shows a strong
enhancement at low temperatures. Such a phenomenon has
been found in several Ce-based compounds and has been
associated with fast spin fluctuations from Ce ions.?’ To fur-
ther identify this scenario, we carried out the relaxation rate
measurement on LaFe,Al;; which 1is isostructural to
CeFe,Al;, but contains no f electrons. As demonstrated in
Fig. 6, the temperature dependence of 1/7,; for LaFe,Al,
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clearly exhibits Korringa behavior, being consistent with the
nature of the paramagnetic metal for this compound. Similar
comparisons have been reported in other Kondo systems
such as Ce;Bi,Pt;, SmBg, and CeRu,Sng.'?20-28

III. CONCLUDING REMARKS

The 2’Al NMR investigation indicates the formation of a
small energy gap in CeFe,Al;,. However, the observed gap is
not actually a real gap but rather a pseudogap with a finite
number of carriers at the Fermi level. This finding is consis-
tent with the low-T specific-heat data in spite of a consider-
able portion of the observed y possibly arising from extrinsic
effects.” The observed NMR features can be well described
by a proposed model DOS for the 4f band and a concrete
estimate of the narrow pseudogap A=110 K was obtained.
Similar results have been found in several Kondo insulators
such as CeNiSn, CeRu,Sng, and U,Ru,Sn which were finally
characterized as semimetals. 23! On these bases, the present
NMR observations allow us to add CeFe,Al;, to the family
of hybridized pseudogap compounds.
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