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NMR study of the electronic state in the dense Kondo compound CeNiAl4

K. Ghoshray,* B. Bandyopadhyay, and A. Ghoshray
Experimental Condensed Matter Physics Division, Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Kolkata 700064, In

~Received 26 November 2001; published 23 April 2002!

27Al NMR results are presented for a dense Kondo system CeNiAl4 in the temperature range 3–300 K. The
Knight shift K iso and the spin-lattice relaxation rateT1

21 exhibit a nonmagnetic behavior associated with a very
low conduction electron density of states near the Fermi level. Both of them also reveal an insignificant role of
4 f electrons in RKKY interactions in the range 50–300 K. However, below 50 K, 4f electrons participate in
the excitation near the Fermi level and their extent of delocalization changes gradually down to 3 K. This is a
consequence of a non-Fermi-liquid state below 50 K and contradicts the prediction of the existence of the
heavy fermion state at low temperature from bulk measurements. Thus the present result gives a clear indica-
tion of the appearance of 4f moment compensation due to the predominance of the Kondo effect over RKKY
interaction.
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I. INTRODUCTION

The 4f electrons of Ce or Yb compounds exhibit a varie
of characteristics resulting in spin and valence fluctuatio
spin and charge orderings, heavy fermions~HF’s!, Kondo
insulators, and anisotropic superconductivity. The RKKY
teraction and the Kondo effect are of basic importance
these magnetic properties.1 When the Coulomb repulsive
force between the 4f electrons at the same cerium site
strong, the freedom of the charge in the 4f electrons is sup-
pressed and the freedom of the spin is retained, resultin
the localized 4f state. The degree of localization in the 4f
electrons depends on the level of the 4f electronsEf below
the Fermi energyEF , where a smallerEf helps to enhance
the localization. In the RKKY interaction, a localized spin
the 4f electrons leads to a spin polarization of the conduct
electrons. This polarization interacts with another localiz
spin of the 4f electrons and creates an indirect magne
interaction between the localized 4f spins. The strength o
this RKKY interaction becomes stronger as the number o
f electrons increases.

The impurity Kondo effect is understood as a bound st
in which the localized spin of the 4f electrons is coupled
antiferromagnetically with the spin of the conduction ele
trons forming a singlet state with a binding energy kBTK ,
whereTK is the Kondo temperature. The Kondo effect lea
to the disappearance of the localized moment due to the
mation of a spin-compensated Kondo cloud of conduct
electrons around the impurity moment. In many Ce and
compounds, the 4f level Ef approaches the Fermi leve
which brings about a hybridization between the 4f electrons
and the conduction electrons. Strong hybridization leads
delocalization of the 4f electrons. The ground-state prope
ties of the dense Kondo system, where the cerium ions
periodically aligned in the crystal, are interesting becaus
low temperatures the dense Kondo system is not a scatte
state but a coherent state with a large effective mass of
conduction electron and a large electronic specific heat c
ficient g. The Fermi liquid state at low temperature is oft
called a HF state where the magnetic specific heatCm of 4f
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electrons is changed into electronic specific heatgT. While
there is an adequate theoretical understanding of system
the free electron limit or in the case of localized momen
systems having competing electron correlation and tran
effects can show unusual properties and are theoretically
ficult to describe. It would be interesting to study the beha
ior of the HF materials close to the borderline from the ma
netic, i.e., RKKY-interaction-dominated regime to the Kon
regime. In such a case, a non-Fermi-liquid behavior m
appear due to the fact that the phase transition into a m
netically ordered state is pushed towardsT50 K.

Recently, among the many ternary-cerium-based inter
tallic compounds, some new type of dense Kondo or vale
fluctuating compounds have been found. For exam
CeCu2Si2 ~Refs. 2 and 3! is a superconducting heavy fe
mion system, whereas experimental evidence for heavy
mion band magnetism was obtained for Ce(Cu12xNix)2Ge2
for x50.6 and 0.7.4 On the other hand, CeNiSn~Ref. 5! is an
activation-type valence fluctuation system. It is therefore
teresting to study such varieties of dense Kondo compou
in various ternary systems. CeNiAl4 is a new member of the
dense Kondo compounds (TK' 99 K! in the valence fluc-
tuation regime and is nonmagnetic down to 1.6 K, as s
gested from electrical resistivity, specific heat, and magn
zation measurements.6,7 The resistivity shows a broad
maximum at around 120 K and is proportional to2 ln T in
the high-temperature regime around 200 K. The magnet
tion at 1.8 K at a field of 76.5 kOe is much smaller than th
predicted theoretically. This may be explained by a stro
mixing effect between the conduction electron and thef
electron and/or by the crystalline electric field. On the oth
hand, the inverse of magnetic susceptibility follows t
Curie-Weiss~CW! law in the range 100–300 K. Below 10
K, it deviates from the CW law and decreases sharply alo
all the three crystallographic axes.7 The reason for this is still
not understood. The electronic specific heat coefficientg0 is
estimated to be 175 mJ/mol K2. From this it was suggeste
that CeNiAl4 is in the HF state at low temperature. Furthe
more, the entropy at 20 K reaches only 3.5 J/mol K which
rather smaller thanR ln 2. This reduction is considered to b
due to the Kondo effect and/or valence fluctuation.

In order to understand the low-temperature electro
©2002 The American Physical Society12-1
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states, we have performed the detailed27Al nuclear magnetic
resonance~NMR! studies in a polycrystalline sample o
CeNiAl4 in the temperature range 3–295 K. NMR is sen
tive to the static and dynamic behavior of the magnetic
vironment of the nuclei and is therefore a useful tool for t
study of exotic 4f magnetism.

II. EXPERIMENTAL RESULTS

The polycrystalline sample of CeNiAl4 was prepared by
repeated arc melting of the stoichiometric amounts of
constituent elements in an argon arc furnace and then su
quently annealed at 1100 °C under vacuum for 3 days.
compound crystallizes in the orthorhombic YNiAl4
structure8 with space groupCmcmand Z54 ~Fig. 1!. The
unit cell contains three types of aluminum sites in the u
cell, viz., Al~1!, Al~2!, and Al~3!. There are eight aluminum
atoms in site 1 and four each to sites 2 and 3. X-ray diffr
tion patterns of the powder sample showed a single-ph
compound belonging to the above space group.

27Al NMR experiments were performed in a Bruke
MSL100 pulse spectrometer at 24.2 MHz with a Vari
V7400 electromagnet in the temperature range 3–295 K
at 78.29 MHz with a Bruker 7.04 T superconducting mag
at 100 and 295 K. In each case, temperature variation stu
were made in an Oxford cryostat with ITC503 temperat
controller. A homebuilt NMR probe with a silver rf coil wa
used to avoid spurious63,65Cu signals. The spectrum wa
recorded by applying ap/2-t-p/2 solid echo sequence
Knight shifts were measured with respect to the refere
position (nR) of 27Al resonance in AlCl3 solution.

FIG. 1. Projection of the structure of CeNiAl4 in the bc plane.
The solid circles and the open circles show the atoms in the pla
of x50 andx50.5, respectively. Al~1!, Al~2!, and Al~3! atoms are
marked as 1, 2, and 3, respectively.
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A. Temperature variation of NMR spectra

Figure 2 shows a couple of27Al NMR spectra at 295 K at
two widely different magnetic fields. It is seen that a sing
broad spectrum at 24.2 MHz@Fig. 2~b!# splits at 78.29 MHz
@Fig. 2~a!#. The appearance of this splitting indicates th
different types of aluminum sites experience unequal lo
magnetic fields which are more pronounced at higher
quency. Figure 3 shows some typical spectra at different t
peratures at 24.2 MHz. The spectral feature changes f
around 100 K. A splitting appears near the peak of the sp
trum. This nature of the spectrum remains unaltered dow
50 K. Below this temperature, the splitting becomes less p

es
FIG. 2. 27Al NMR spectra of CeNiAl4 at 295 K: ~a! H0

57.04 T and~b!: H052.17 T.

FIG. 3. Some typical27Al NMR spectra at 24.2 MHz at differ-
ent temperatures. The dashed line indicates the theoretically fi
spectrum.↑ indicates reference position.
2-2
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nounced as a result of a considerable broadening of the o
all linewidth. As there are three types of aluminum sites
the unit cell, the experimental line is a superposition of
three resonances. In order to extract the hyperfine interac
parameters, we have used the method of computer sim
tion. The validity of this procedure was checked by fittin
the spectra at 295 K at two widely different resonance f
quencies, 24.2 and 78.29 MHz, with almost the same se
parameters. Those which gave the best fitted spectra with
experimental line simultaneously at both frequencies w
taken as the correct one, and that convention was follow
for fitting the spectra down to 3 K. The experimental lin
was found to be a superposition of the central transition
the resonance lines of three types of aluminum sites. Figu
shows, along with the experimental lines, the theoret
lines as well as the constituent lines corresponding to
three types of Al sites. The constituent lines correspondin
Al ~2! and Al~3! are found to be superimposed on each ot
in the temperature range 295–3 K and exhibit second-o
quadrupolar splitting, whereas the same for Al~1! experi-
ences a smaller quadrupolar interaction resulting in an
split line. The value of the intrinsic linewidth, 2b for the
resonance line corresponding to Al~2! and Al~3! together, is
found to be much smaller than that of Al~1!. As a result, the
resonance line of the former exhibits second-order qua
polar splitting even at 78.29 MHz@Fig. 2~a!#. This is found
to be consistent with respect to the Al-Al separation in
unit cell of CeNiAl4.8 The values of the quadrupolar intera
tion parameters at 295 K arenQ50.1760.01 MHz andh
50.160.02 for the Al~1! site. Those for Al~2! and Al~3! are
nQ51.1260.02 MHz andh50.460.02.

In Fig. 4, the isotropic part of the Knight shift,K iso, ob-
tained from fits to the measured NMR spectra is plotted a
function of temperature for different Al sites. In case
Al ~1!, K iso is almost independent of temperature in the ran

FIG. 4. Variation ofK iso with T at 24.2 MHz in CeNiAl4. -:
Al ~1!. 3: Al ~2! and Al~3!. The inset shows the variation of (xM)21

with T ~Ref. 6!.
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3–295 K. On the other hand,K iso for sites Al~2! and Al~3!
exhibit a small increment with lowering of temperature in t
range 50–100 K, resulting in a splitting in the overall res
nance line. Below this range, the magnitude ofK iso in each
case remains temperature independent.

The effective magnetic fieldH at the 27Al nucleus in
CeNiAl4 may be written as

H5H01Hc1Hd
4 f1Hhf

4 f , ~1!

where H0 is the applied magnetic field,Hc is the contact
hyperfine interaction due to purely conduction electrons,Hd

4 f

is the dipolar field due to the Ce 4f electrons, andHhf
4 f is the

contribution to the contact hyperfine field due to thes-f ex-
change. TheHd

4 f contributes mainly to the anisotropic part o
the Knight shift. The calculated values ofHd for all the Al
sites were found to be negligibly small. So we will negle
this contribution to the measured Knight Shift. Therefore

K iso
tot5K01Ks2 f~T!,

which reduces to

K iso
tot5K01

zHhf

NAmB
xM

f ~T!, ~2!

where K0 is the shift due tos conduction electrons and
Ks2 f(T) is due tos-f exchange interaction.Hhf is the trans-
ferred hyperfine field and is related to the transferred hyp
fine coupling constantAhf as Hhf5Ahf /g\, N is the
Avogadro’s number,mB is the Bohr magneton,xM

f is the Ce
4f electron contribution to the molar susceptibility, andz is
the number of Ce ions bonded with aluminum nucleus. Th
as long asHhf remains constant,K iso(T) should follow
xM

f (T).
The inset of Fig. 4 shows the temperature dependenc

the inverse of the molar susceptibility.6 Thoughx21 varies
linearly with T in the range 50–295 K,K iso for Al ~1! does
not follow this behavior. For Al~2! and Al~3!, only a small
temperature dependence ofK iso is discernable in the rang
50–100 K. However, below 50 K, (xM)21 decreases more
rapidly with decreasingT. But such a behavior is again no
followed in theK iso vs T curve~Fig. 4!. This indicates that a
change in the hyperfine coupling constant might occur in t
temperature region which cancels the effect of the enhan
ment ofxM

f on 27Al’s K iso. The Knight shift result therefore
suggests a modification of the hybridized 4f / conduction
electronic structure in the above temperature range, wh
alters Hhf . Such a type of effect was also observed
YbCuAl ~Ref. 9! and CeSn3 ~Ref. 10! which exhibit Kondo
behavior at low temperature and the rare-earth ions are in
fluctuating valence state. Thus the Knight shift result clea
reveals an insignificant role of thes-f exchange interaction
as it does not produce an appreciable temperature-depen
hyperfine field at the Al nuclear site throughout the who
temperature range. It could happen because of the vale
fluctuation of the Ce ion.
2-3
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B. Nuclear spin-lattice relaxation rates

27Al spin-lattice relaxation rates 2W5T1
21 were mea-

sured by saturating the central line only with a singlep/2
pulse and monitoring the growth of the solid echo at varia
delays.11 T1

21 was extracted from a fit to the data to th
recovery law

M ~`!2M ~t!

M ~`!
50.029 exp~22Wt!10.178 exp~212Wt!

10.794 exp~230Wt!, ~3!

which is obtained from the solution of the master equatio
in case of a magnetic relaxation of a nucleus with spinI
55/2.12 It is evident from Fig. 5 that the experimental reco
ery is reasonably reproduced by Eq.~3!. Because of the over
lapping of the constituent lines, the relaxation times of27Al
in three different sites could not be measured separately,
so the measuredT1

21 represents an average over three
sites. Moreover, the values ofT1

21 were nearly identical a
the resonance frequencies of 24.2 and 78.29 MHz meas
both at 100 and 295 K. This suggests that thef-electron spin
fluctuation is much faster than the Larmor frequency of
27Al nucleus. This observation supports the recent x-ray p
toelectron spectroscopy results in CeNiAl4.13

The temperature dependence ofT1
21 in CeNiAl4 is pre-

sented in Fig. 6. The contributions to the measuredT1
21 may

be written as

T1
215T1K

211T1 f
21 , ~4!

where the first term represents the Korringa contribution
to the contact interaction with conduction electrons and
given by

T1K
215p\3ge

2gn
2Ah f

2 N~EF!2kBT, ~5!

whereAhf is the transferred hyperfine coupling andN(EF) is
the density of electronic states at the Fermi level. Hence

FIG. 5. Nuclear magnetization recoveryM (t) for 27Al central
transitions in CeNiAl4 at 24.2 MHz.1: 4.4 K. 3: 295 K.
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heavy fermion systems~HFS’! the Korringa relaxation may
also provide access to the hybridization-enhanced densit
states at the Fermi level. The second term in Eq.~4! is due to
spin fluctuations which will be transferred via RKKY inte
actions from the local moments to the site of the NM
nucleus. From the fluctuation dissipation theorem the con
bution T1 f

21 for nuclear relaxation may be written as14

T1 f
215

gn
2kBT

2mB
2 (

Q
uAeff~Q!u2

Im x~Q,v0 ,T!

v0
. ~6!

The effective coupling between the localizedf moment and
the nucleus atr is given by

Aeff~Q!5(
j

Aj~r !exp~ iQ•r !. ~7!

Aeff(Q) will depend on the momentum transferQ and in-
cludes the coupling of thef spin to those of the conductio
electrons and the form factor related to the hyperfine fie
If the electronic fluctuations are not spatially correlated, a
the case of CeNiAl4 which does not order magnetically dow
to 1.6 K, theQ-dependent part in Eq.~6! can be neglected. In
this case Eq.~6! reduces to

T1 f
21}

kBT

v0
Im x~v0 ,T!, ~8!

wherev0 is the Larmor frequency. The absorptive part of t
dynamic spin susceptibility can be written in a purely rela
ational ansatz as

Im x5x0

vG

v21G2
, ~9!

FIG. 6. Temperature dependence of27Al spin-lattice relaxation
rate in CeNiAl4 at (m) 24.2 MHz and (h): 78.29 MHz. The
dashed line corresponds to the equation mentioned in the text.
inset shows the magnified portion of the temperature region 3
K.
2-4
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whereG is the 4f moment relaxation rate andx0 is the static
susceptibility. Taking into account thatv0!G, Eq.~8! can be
written as

T1 f
21}kBT

x0

GNMR
. ~10!

When bothT1K
21 andT1 f

21 are of comparable strength, the n
relaxation rate would appear to be temperature independ

From Fig. 6, it is seen thatT1
21 decreases linearly with T

from 295 K down to 50 K following the relationT1
2152.0

10.056T. This indicates a weaker role of Ce 4f spin fluc-
tuation on the27Al relaxation even aboveTK compared to
the purely Korringa-type conduction electron contributio
This finding also corroborates with the Knight shift resu
The magnitude of the Korringa constant (0.056 s21K21) is
found to be order of magnitude smaller than other HF co
pounds like CeCu2Si2 (0.6 s21K21)3 and YbAgCu4
(5.9 s21K21),15 though in these compounds, the Korring
constants were actually obtained from their lanthanum a
logs. This suggests that the magnitude ofN(EF) is much less
in CeNiAl4. Below 50 K the decreasing trend inT1

21 is fur-
ther enhanced down to 3 K.

By subtracting the Korringa contribution at each tempe
ture from the measuredT1

21, the contributionT1 f
21 was esti-

mated. Figure 7 shows the variation ofT1 f
21 with tempera-

ture. It is clearly seen that from 295 to 100 K, th
contribution remains unaffected with temperature. From
low 100 K, T1 f

21 starts to decrease slowly and from 50 K th
decreasing trend is enhanced appreciably, indicating the
set of moment compensation. This result clearly shows
the Kondo effect predominates in this temperature range
therefore, suggests that CeNiAl4 is a dense Kondo compoun
with TK lying between 50 and 100 K. The inset of Fig.

FIG. 7. Temperature dependence of Ce 4f -electron contribution
to the relaxation rate in CeNiAl4. The inset shows the same i
logarithmic scale. The line indicates the logarithmic temperat
dependence.
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shows thatT1 f
21 follows a power law behaviorT1 f

215CTa

with a50.24 andC520.3, in the temperature range 3–2
K. The value ofa is significantly below unity, which is the
value expected for a Fermi liquid. From the specific he
measurement it was suggested from the value of the S
merfield coefficient atT50 K (g0) that CeNiAl4 was in
the HF state. If it is indeed the case, then (T1 fT)21 should be
constant as is expected for a pure heavy Fermi liquid. In F
8, (T1 fT)21 is plotted as a function ofT. It is seen that
within the range 295–50 K, (T1 fT)21 is almost constant,
indicating a negligible role of Ce 4f spin fluctuation on Al
nuclear relaxation. Whereas below 50 K, it increases sha
without following a Korringa relation as shown in Eq.~4!.
This suggests that the 4f electrons participate in the excita
tion near the Fermi level and that the extent of delocalizat
changes gradually with decreasing temperature. Thus
present result clearly shows the non-Fermi-liquid behavio
the Kondo regime of CeNiAl4. According to Eq. ~6!,
(T1 fT)21 corresponds to the imaginary part of the dynam
susceptibility. It is to be noted that in the same temperat
region, i.e., 3–50 K, where Imx(v,T) increases sharply, the
static susceptibility (x0), which isxM

f in Eq. ~2! also showed
a similar behavior. This suggests that the increase inx0 be-
low 50 K is an intrinsic feature. Using the experimental va
ues ofT1 f and the static susceptibilities of CeNiAl4 we cal-
culated the magnetic relaxation rateGNMR on the basis of Eq.
~10!. The variation ofGNMR with T is shown in Fig. 9. In the
range 50–295 K,GNMR closely follows a square root ofT
dependence as theoretically predicted by Coxet al.16 The
prefactor 0.015 depends on the degeneracy of the gro
multiplet and on (ATK)21. It is seen that below 50 K, ther
is a tendency of the experimental results to deviate fromAT
dependence. ForT,TK , a temperature-independent cont
bution is expected theoretically forS51/2 Anderson
model.16

Theoretically non-Fermi-liquid behavior is expected
occur close to a quantum phase transition,17 but it can also

e

FIG. 8. Variation of the absorptive part of the dynamic susc
tibility Im x(v0T)}1/T1 fT according to Eq.~8! in CeNiAl4.
2-5
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occur in multichannel Kondo systems18 or in impurity
systems.19 In disordered Kondo systems the low-temperatu
thermodynamics also deviates from a Fermi liquid behav
and is characterized by a diverging susceptibility and spec
heat rising faster thanT, a behavior which is indeed observe
below 9 K in C/T and below 50 K in the magnetic susce
tibility behavior in CeNiAl4.

III. CONCLUSION

We have presented the results of a detailed27Al NMR
study in the dense Kondo system CeNiAl4. The temperature

FIG. 9. Magnetic relaxation rate in CeNiAl4 derived from NMR
measurementsGNMR}T1Tx0. The dashed line is calculated usin
the relation shown in figure.
-
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a

.

a

y

a
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dependence of the line shape and the spin-lattice relaxa
rate,T1

21 were measured in the range 3–295 K. Both Knig
shift and theT1

21 clearly indicate that this compound is non
magnetic with very low conduction electron density of sta
near the Fermi level. The Knight shift result suggests a mo
fication of the hybridized 4f/ conduction electronic structu
below 50 K. On the other hand, the behavior ofT1

21 clearly
reveal a negligible role of Ce 4f -electron spin fluctuations in
the range 50–300 K. Whereas, below 50 K, 4f electrons
participate in the excitation near the Fermi level and the
tent of delocalization changes gradually below 50 K down
3 K. These results clearly indicate a non-Fermi-liquid beha
ior in the temperature range and thus contradict the pre
tion of a heavy fermion ground state from the large value
g in specific heat. Thus in this case the enhancement ofg at
low temperature could be due to strong electron-electron c
relations, which, however, do not lead to a heavy Fermi l
uid state at low temperature. The present result gives a c
indication of the appearance of a 4f -moment compensation
due to predominance of the Kondo effect below 50 K.
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