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We report27Al NMR studies of CeNi2Al5 and LaNi2Al5 in 7 T and in the range 3.5–300 K. CeNi2Al5 is
dense Kondo compound that orders antiferromagnetically at 2.6 K. For two inequivalent Al sites for the Ce
compound, the nuclear quadrupolar splitting frequency,nQ is 0.98 and 2.52 MHz, respectively. Knight shifts
for both the sites are almost equal in magnitude and follow a linear relation with molar susceptibility in the
range 30–300 K. The transferred hyperfine coupling constant,Hhf=1.84 kOe/mB, is small compared to those
in other Ce compounds. The behavior of 1/T1f for the two Al sites is widely different. For the Als1d site, with
one nearest-neighbor Ce ion, the 4f-electron spin-fluctuation process dominates over the Korringa contribution.
In particular, the Ce-4f spin correlation nearest to Als1d starts to develop below 150 K. Finally near 12 K, the
fluctuation frequency of the 4f spin becomes comparable to the27Al NMR frequency, resulting in the reduction
of 1/T1f with further lowering of temperature. For the Als2d site, which sits in between two Ce near neighbors,
the relaxation process is dominated by the Korringa contribution in the range 12–300 K. It could, however,
sense the effect of 4f spin correlations below 12 K. The widely different27Al nuclear relaxation mechanisms
for two inequivalent Al sites in the unit cell of CeNi2Al5 indicate that the effect of the spin fluctuation due to
the Kondo effect overcomes that due to the Rudderman-Kittel-Kasuya-Yosida interaction for the Als2d site in
the range 12–300 K. On the other hand, the behavior of 1/T1f for the Als1d site resembles that of CeAl2.
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I. INTRODUCTION

Dense Kondo compounds have revealed complicated and
fascinating magnetic properties due to the competition be-
tween Kondo and Rudderman-Kittel-Kasuya-Yosida
sRKKY d interactions. In the past, many cerium compounds
showing such a competition have been investigated. Mem-
bers in the ternary Ce-Ni-Al system1 are no exception.
Among all the different phases in this phase, the Al-rich
portion of the intermetallics2 has attracted much attention
due to its exceptional electronic and magnetic properties. For
example, CeNiAl4 is nonmagnetic down to 1.6 K, with the
resistivity behavior resembling a dense Kondo system3,4 with
Kondo temperatureTK,60 K. Moreover, the27Al NMR
showed a signature in thes-f hybridization belowTK.5,6 On
the other hand, CeNi2Al5 is an antiferromagneticsAFd dense
Kondo compound withTN=2.6 K.7 The temperature depen-
dence of the resistivity shows a broad minimum around
30 K; a −lnT behavior appears down to 5 K and drops
abruptly at 2.6 K after a broad maximum around 4 K. This
was defined as the Kondo temperatureTK. The magnetic
transition has been confirmed by resistivity, magnetic suscep-
tibility, and specific heat measurements. The orthorhombic
local symmetry leads to a strong crystal-electric-fieldsCEFd
effect, and a very large anisotropy was observed. The conse-
quence of a comparableTN andTK indicates a complex rela-
tion between the Kondo effect, the RKKY interaction and the
CEF effect in CeNi2Al5. A neutron diffraction measurement8

on the single crystal at 1.4 K indicated that the magnetic
structure is sine-wave modulated with a propagation vector
k =s1/2,2/5,1/12d. The maximum amplitude of the mag-
netic moment is equal to 1.54mB and its direction is tilted 8°
from the b axis toward thea axis. Precise determination of
the magnetic structure was done by Givordet al.9 A more

recent magnetization measurement at 400 mK and magneto-
striction at 1.2 KsRef. 10d lead the authors to contend that
not only the Kondo effect but also the magnetoelastic and/or
quadrupolar effects should be taken into account to explain
the system. A very recent electronic structure calculation2

reveals that the Al-rich compounds in the Ce-Ni-Al system
may be considered as “polar intermetallics” because the
Fermi level coincides with the separation of bonding and
antibonding states of the Ni-Al framework. Thus a complex
nature of the electronic structure demands further study.

There had been only one publication involving NMR and
nuclear quadrupole resonancesNQRd studies11 of 27Al in the
powder sample of CeNi2Al5 and the focus was on the AF-
ordered state by NQR. However, the authors could not shed
much light on the paramagnetic state because of the overlap-
ping of the quadrupole-split NMR lines from different Al
sites with unequal values of the quadrupole frequenciesnQ
=3e2qQ/20h. The broad NQR spectra belowTN suggested
the presence of a complicated spin structure with spiral or
sinusoidal modulation. In this paper we have reported de-
tailed 27Al NMR studies in a grain-aligned sample of
CeNi2Al5 in the temperature range 3.5–295 K. A very large
anisotropy in the magnetic susceptibility8 facilitates the
alignment of the polycrystalline sample in the presence of a
magnetic field along theb axis. Thus the grain-aligned
sample allows us to observe clearly resolved satellite transi-
tions and consequently the site assignment is unique. There-
fore, the Knight shift and the nuclear spin-lattice relaxation
rates1/T1d could be determined with sufficient accuracy. We
have taken LaNi2Al5 as a reference material, as it has the
same crystal structure as CeNi2Al5, with very close lattice
parameters and, apart from the Ce 4f electrons, similar elec-
tronic configurations are expected for both compounds.12,13
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II. EXPERIMENTAL

A. Sample preparation and characterization

The polycrystalline samples of CeNi2Al5 and LaNi2Al5
were prepared by repeated arc melting of the stoichiometric
amounts of the constituent elements of high purity in an
Ar-arc furnace. We then annealed the ingot wrapped in the
tantalum foil at 1000 °C under vacuum for 7 days to mini-
mize the defects. The x-ray diffractionsXRDd pattern of the
powder sample of CeNi2Al5, as shown in Fig. 1sad, confirms
the single-phase nature of the compound. The cell param-
eters refined by the Rietveld method using theFULLPROF

program14 agree very well with orthorhombic PrNi2Al5-type
structure sspace groupImmmd, with lattice parameters1 a
=7.021 Å, b=9.604 Å, c=3.991 Å. Another part of the
finely powdered sample was then mixed with the low viscos-
ity and low magnetic susceptibility epoxysEPOTEK 301d in
a cylindrical quartz tube and placed in a magnetic field of
7.04 T for 48 h for NMR measurement. A flat sample was
also prepared for XRD studies to test whether theb axis of
the grain-aligned sample was perpendicular to the surface of
the plate. XRD patterns for an aligned samplefFig. 1sbdg and
that of the random powder of CeNi2Al5 suggest that the ma-
jority of the grains in the aligned powder have theirb axis
parallel to each other. In the case of LaNi2Al5, we were able
to orient the crystallites partially but, most importantly, theb
axis of the crystallites, as in CeNi2Al5, were oriented along
the magnetic field. The crystal structure is drawn in Fig. 2. In
the unit cell there are two inequivalent Al sites, denoted here
as Als1d and Als2d. The Als1d site has amm site symmetry
having a multiplicity of 8. The Als2d site has a site symmetry
of mmmwith a multiplicity of 2.

B. NMR measurement
27Al NMR experiments were performed in a Bruker MSL

100 spectrometer with a 7.04 T superconducting magnet.

The direction of the applied field was always kept parallel to
the b axis in the case of the oriented sample. Temperature
variation was performed in an Oxford cryostat with an ITC
503 temperature controller in the range 3.5–295 K. The
spectrum was recorded by applying ap /2–t–p /2 solid
echo sequence. Knight shifts were measured with respect to
the reference positionsnRd of 27Al resonance in a AlCl3 so-
lution. At high temperature, the spectra, at a fixed magnetic
field, were obtained by exciting, at a large frequency range, a
broad part of the spectrum, and recording in each step, the
amplitude of the Fourier-transformed spin-echo signal. Be-
low 20 K, where the lines broaden, the spectra were obtained
by exciting, at small frequency steps, a narrow part of the
spectrum, and recording in each step the amplitude of the
Fourier-transformed spin-echo signal.

III. TRANSFERRED HYPERFINE INTERACTION AND
NMR SPECTRA

In a system such as CeNi2Al5, the Hamiltonian for a27Al
nucleus with spinI =5/2 in thepresence of a magnetic field
H0 is written asH=H0+Hcond+HM +HQ, where H0 is the
Zeeman term,Hcond represents the magnetic coupling be-
tween the conduction electron spin and the nuclear spin, and
is temperature independent. The termHM arises due to the
interaction of thef electrons with the probed nuclei, via the
conduction electrons, and is temperature dependent. How-
ever, in case of LaNi2Al5, the termHM does not arise.HQ is
the electric quadrupole interaction. Assuming that the princi-
pal axes of the electric-field-gradientsEFGd tensor and the
magnetic shift tensor are coincident, the resonance frequency
n of a given transitionsm↔m−1d is given by

nsm↔ m− 1d = n0 + nquad
s1d + nquad

s2d + nani. s1d

Details can be seen, for example, in Ref. 15.

FIG. 1. sColor onlined Typical XRD spectra of CeNi2Al5 in sad
random powder andsbd grain-oriented powder obtained as men-
tioned in the text.

FIG. 2. Crystallographic unit cell ofsCe/LadNi2Al5 along theb
axis. The big arrow shows the direction of the magnetic field ap-
plied to orient the crystallites.
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A. 27Al NMR in CeNi 2Al5

Figure 3 shows the27Al NMR spectra of CeNi2Al5 at
different temperatures. The central transitions for Als1d and
Al s2d sites merge with each other; however, clearly resolved
two pairs of satellite transitions for these two sites were ob-
served. Considering the intensity of each line and the multi-
plicity of each Al site in the unit cell as seen in Fig. 2, we
have assigned the two innermost pairs to the Als1d site; the
outermost two pairs arise because of Als2d. Observation of
the overlapped central transitions suggest that the Knight
shift for the two types of Al sites are close to each other.
However, clearly resolved satellite transitions indicate a sig-
nificant difference in the quadrupolar interaction parameters
between the two Al sites. On lowering the temperature the
spectra shift continuously towards the high-frequency side
with a gradual line broadening, which has been considerably
enhanced below 10 K such that the satellite lines for the
different Al sites start to superimpose partially. For example,
Fig. 4 shows only the −1/2↔−3/2 transition for the Als1d
site in the temperature range 3.6–8 K. Thus it was always
possible to measure the shift and 1/T1 by exciting only the
desirable single resonance line with accuracy. Therefore the
shift and the quadrupolar interaction parameters throughout
the whole temperature range are determined by fitting the
experimental spectra using Eq.s1d. ThenQ for the Als1d and
Al s2d sites are found to be 0.984 and 2.520 MHz withh
=0.3 and 0.075, respectively. These values are very close to
those reported by Fujiwaraet al.11 Quadrupolar interaction

parameters remain almost unaltered down to 3.5 K, indicat-
ing the absence of any structural change in the range
3.5–300 K.

B. 27Al NMR in LaNi 2Al5

Figure 5sad shows the27Al NMR spectra of the oriented
sample of LaNi2Al5 at 300 K. Exactly similar spectra with
the same amount of shift were observed down to 80 K.
Structure around the central line arises because of the imper-
fect orientation. As in CeNi2Al5, we have assigned the two
inner pairs of lines as due to the Als1d site. We could detect
only the ±3/2↔ ±1/2 transition for the Als2d site. Other
transitions could not be detected at any temperature. This
may be a fact of the imperfect alignment causing line broad-
ening.nQ andh values for both the Als1d and Als2d sites are
found to close as in CeNi2Al5. Figure 5sbd shows the NMR
spectrum due to randomly oriented powder. Structure around
the central linefshown more clearly in the inset of Fig. 5sbdg
reveals the characteristics pointsnH and nL of the second-

FIG. 3. sColor onlined Some typical 27Al NMR spectra of
CeNi2Al5 at 7.04 T at different temperatures. The dashed line indi-
cates the theoretically fitted spectrum.sad Different transitions for
Al s1d and Als2d sites are shown. The central transitions for both the
sites coincide.sbd andscd The arrowss↓d indicate the corresponding
transitions same as 300 K.scd ±3/2↔ ±5/2 transitions for Als2d
are not shown.

FIG. 4. sColor onlined Temperature dependence of the −1/2
↔−3/2 transition for the Als1d site of CeNi2Al5.

FIG. 5. 27Al NMR spectra of LaNi2Al5 in the partially oriented
powdersad, and randomly oriented powdersbd at 7.04 T at 300 K.
The inset insbd shows the central part in the expanded scale. The
typical powder pattern relevant to the second-order quadrupole in-
teraction for the Als2d site is evident by prominent pointsnH andnL

as described in the text.
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order quadrupolar split central transition16 belonging to the
Al s2d site. A rough estimation ofnQ from nH−nL = 25

144
fIsI

+1d− 3
4
gsnQ

2 /nRd gives a value close to that derived from the
data measured in the oriented sample.

C. Shift and the hyperfine field

The temperature dependence of the Knight shiftsKd is
shown in Fig. 6. It is seen thatK increases continuously with
the lowering of temperature down to 3.5 K. The inset of Fig.
6 shows the variation ofK with the bulk molar susceptibility,
xM along theb axis. Since the susceptibility of the reference
compound LaNi2Al5 is very small, the measured susceptibil-
ity of CeNi2Al5 can be identified as being due to the
f-electron susceptibility,xM

f . K is found to vary linearly with
xM in the range 30–300 K. As long as the contribution due
to Kan is negligible, following Carteret al.,17 the experimen-
tal Knight shift can be written asKiso=K0+Ks-fsTd, which
reduces to

Kiso = K0 + sHhf/NmBdxM
f sTd, s2d

where K0 is the shift due tos-conduction electrons and
Ks-fsTd is due tos-f exchange interaction.Hhf is the trans-
ferred hyperfine field,N is Avogadro’s number, andmB is
Bohr magneton. A linear fit of this curve to Eq.s2d gives the
values ofK0 and Hhf as 0.03% and 1.842 kOe/mB, respec-
tively. The measuredHhf is small and close to that found in
CeNiAl4 sRef. 6d, but cannot be explained by the dipolar
fields of the magnetic moments of the Ce-4f electrons.

It is to be noted thatK0 for LaNi2Al5 is found to be
,0.05%. Subtracting the value ofK0 from the measuredK,
the contribution to the shift due tos-f exchange interaction
sKfd is estimated. Figure 7 shows the linear variation of 1/Kf

with temperature with an intercept at −8.5 K on the tempera-
ture axis. Though the value of the Curie-Weiss temperature
suPd along the three crystallographic axes is not mentioned in
the single-crystal susceptibility results,8 the nature of the 1/x

versus temperature curves, indicate a small value ofuP along
the b axis, whereas the same for thea and c axes of the
crystal are considerably larger in magnitude with a negative
sign. Thus the value ofuP determined from the present NMR
data in orientedsH ibd powder agrees quite well with that of
the single-crystal susceptibility result.

IV. NUCLEAR SPIN-LATTICE RELAXATION

The magnetic spin-lattice relaxation of a nucleus with
spin I =5/2 with quadrupole splitting of the nuclear Zeeman
levels is governed by master equations18 that predict a mul-
tiexponential behavior. In case of saturation recovery with a
short saturation sequence, the recovery of them↔m−1 tran-
sitions are as follows:
1/2↔−1/2 transition:

Ms`d − Mstd
Ms`d

= CF0.029 expS− 2t

T1
D + 0.178 expS− 6t

T1
D

+ 0.794 expS− 15t

T1
DG;

±3/2↔ ±1/2 transition:

Ms`d − Mstd
Ms`d

= CF0.028 expS− t

T1
D + 0.053 expS− 3t

T1
D

+ 0.025 expS− 6t

T1
D + 0.446 expS− 10t

T1
D

+ 0.446 expS− 15t

T1
DG;

±5/2↔ ±3/2 transition:

Ms`d − Mstd
Ms`d

= CF0.028 expS− t

T1
D + 0.214 expS− 3t

T1
D

+ 0.4 expS− 6t

T1
D + 0.286 expS− 10t

T1
D

+ 0.071 expS− 15t

T1
DG .

FIG. 6. sColor onlined Variation of the Knight shift,K% with T
in +,3: CeNi2Al5 ands: LaNi2Al5. The inset shows the variation
of K% with xM along theb axis.

FIG. 7. Temperature dependence of the inverse of the Knight
shift 1 /Kf in CeNi2Al5.
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The constantC and the spin-lattice relaxation timeT1 are the
two parameters to be determined by fitting the experimental
recovery curves. As the central transitions of the Als1d and
Al s2d sites remain superimposed throughout the whole tem-
perature range, the measurements ofT1 were performed us-
ing the satellite transitions that are well resolved, as men-
tioned in Sec. III. Thus by allowing selective stimulation of
one of the satellites, by applying a singlep /2 pulse, the
growth of the solid echo was monitored at variable delays.
Figure 8 shows the recovery curves for the two satellite tran-
sitions for the Als1d site at 300 K. The values ofT1 obtained
from the two transitions were found to agree quite satisfac-
torily. It is to be noted that in Fig. 8 the decay curve for
± 1

2 ↔ ± 3
2 transition remains below that of ±3

2 ↔ ± 5
2 transi-

tions. Such a decay behavior confirms the predominance of
the magnetic relaxation over the quadrupolar one in the
present system and justifies the use of equations for magnetic
relaxation.19 In this compound, 1/T1 is given by

1/T1 = 1/T1K + 1/T1f , s3d

where the first term represents the Korringa contribution due
to contact interaction with conduction electrons

1/T1K = p"3ge
2gn

2Ahf
2 NsEFd2kBT, s4d

whereAhf is the transferred hyperfine coupling andNsEFd is
the density of electronic states at the Fermi level. Hence for
heavy fermion systems, 1/T1K also provides access to the
hybridization-enhanced density of states at the Fermi level.
The second term, 1/T1f arises due to thef-electron spin fluc-
tuations that will be transferred via RKKY interactions from
local moments to the site of the NMR nucleus and is given
by20

1/T1f = gN
2kBTo

q
fHhfsqdg2x9sq,v0d/v0, s5d

where Hhfsqd is the spatial Fourier transform of the trans-
ferred hyperfine fieldHhfsrd between a Ce3+ ion and an Al

nucleus separated by a distancer. 1 /T1f is therefore sensitive
to correlation between the stochastic motions of Ce neigh-
bors as well as to the single Ce spin-fluctuation time. A con-
venient definition of the latter quantity for NMR is given
by21

t =

o
q

x9sq,v0d/v0

Nx8s0,0d
. s6d

The summation is over the spatial fluctuation modes with
wave vectorq. The frequency dependence oft is very small
if the nuclear resonance frequencyv0 is much less than the
characteristic fluctuation rates, i.e., ifv0t!1. If the probe
nuclei are each coupled to only one 4f ion, then it can be
shown that22

x/K2T1fT = 2Ngn
2kBt, s7d

where x is the bulk 4f susceptibility. In the more general
case, the above equation still holds,22 with t replaced by

tef f =
Fo

q
uHhf

q u2x9sq,v0d/v0G
NfHhf

0 g2x8s0,0d
. s8d

If a given nucleus is coupled to only one magnetic ion,Hhf
q is

independent ofq, and Eq.s8d reduces to Eq.s6d.
If the local moment fluctuation frequency,v fl st−1d is

much faster than the nuclear Larmor frequency, then the ex-
pression for 1/T1f may be expressed as23

1/T1f < gn
2Hhf

2 /v fl . s9d

In general,v fl is given by two major processes, i.e.,vex and
vcf. The former is caused by exchange interactions among
local moments and is given byvex

2 =8zJex
2 fJsJ+1dg / s3"2d.

The latter is due to the spin-exchange interaction with con-
duction electrons given byvcf=p"fJcfNsEFdg2kBT. Here,Jex

is the superexchange coupling between Ce moments, andJcf
is the spin-exchange coupling between the Ce local moments
and conduction electrons. It is to be noted that the former
predicts a temperature-independentT1, while the latter gives
a T-dependentT1 process.

Figure 9 shows the variation of 1/T1 with temperature for
Al s1d and Als2d sites in CeNi2Al5 along with those in
LaNi2Al5. Interestingly it may be seen that in CeNi2Al5, the
nature and the magnitude of 1/T1 are different for the two Al
sites throughout the temperature range 3.5–300 K, though
there is no measurable difference in the Knight shiftsFig. 6d.
On the other hand, in the La compoundfwhere only the
contributionT1K is present withsT1Td−1=0.025ss K−1dg the
values ofT1 for the two sites are found to be same through-
out the range 80–300 K. This finding suggests that the dif-
ference in 1/T1 for the two Al sites in case CeNi2Al5 arises
due the difference in the fluctuating part of the magnetic field
produced by the Ce-4f electron, whereas the time-averaged
part of the fluctuating magnetic field, produced by the same
Ce-4f electron at the Al nuclear sites resulting in the shift of
the resonance lines, are same for both the sites. Thus the long
wavelengthsq=0d part of the dynamic spin susceptibility
contributing to the Knight shift is same for the two Al sites

FIG. 8. sColor onlined Nuclear magnetization recovery 1
−Mstd /Ms`d for 27Al first and second satellite transitions for the
Al s1d site in CeNi2Al5 at 300 K.
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and changes equally with temperature. The contribution due
to the short wavelength components affecting the Al nuclear
relaxation process for the two Al sites, are different both in
nature and magnitude throughout the whole temperature
range.

In order to understand this result, it is necessary to deter-
mine the temperature dependence of 1/T1f for the two Al
sites. For this the Korringa contribution 1/T1K, determined in
LaNi2Al5, has been subtracted from the measured values of
1/T1 of CeNi2Al5. The variation of 1/T1f with temperature is
also shown in Fig. 9 by open triangles and open squares for
Al s1d and Als2d, respectively. In the range 150–300 K,
1/T1f for Al s1d increases slowly with the lowering of tem-
perature, indicating a dominant contribution ofvcf in v f l in
Eq. s9d. The rate of increment of 1/T1 then is enhanced ap-
preciably below 150 K, suggesting the development of short-
range magnetic correlations between the Ce-4f electron mo-
ments. Below 12 K, 1/T1f decreases sharply down to 3.5 K,
indicating the effect of the slowing down of the Ce-4f elec-
tron spin-fluctuation rate. The peak thus appears at a tem-
peratures12 Kd that is much higher than the reportedTN
=2.6 K. A similar shift in the peak position of 1/T1f from TN,
by about 7 K towards the high-temperature side was also
observed in the case of CeAl2 from 27Al NQR studies.21 Thus
the shift in the peak position fromTN as observed in the case
of CeNi2Al5 could not be attributed to the effect of the ex-
ternal magnetic field. Nevertheless, the appearance of this
maximum near the magnetic phase transition, may be attrib-
uted to critical fluctuation on the time scale corresponding to
the Larmor frequency of the27Al nucleus.

For the Als2d site in the range 12–300 K, 1/T1f is almost
temperature independent according to Eq.s9d, as if this site

is experiencing a fluctuating magnetic field from the Ce-4f
electrons whose time scale is much faster than the Larmor
frequency,v0. As the resonance positions for the Als1d and
Al s2d sites are coincident in the whole temperature range
3.5–300 K, they have the same value ofv0. Thus it seems
that the Als2d site is not experiencing the effect of develop-
ment of short-range magnetic correlations in the range
12–300 K, whereas Als1d is sensing the same below 150 K.
However, it starts to sense this effect below 12 K resulting in
an enhancement of 1/T1f without showing any peak down to
3.5 K. The almost temperature-independent behavior of
1/T1f in case of the Als2d site over the range 12–300 K
suggests the dominance of thevex term in 1/T1f, with vex
@v0. Moreover the magnitude of 1/T1f in the measured
1/T1 of the Als2d site is less compared to the Korringa part,
so that over a wide temperature range of 12–300 K, the
Korringa behavior dominates in the temperature dependence
of 1/T1 for the Als2d site and therefore is almost parallel to
that of the 1/T1 vs T curve of LaNi2Al5. This finding sug-
gests that for the Als2d site, the effect of the 4f spin fluctua-
tions due to the Kondo effect dominates over that of the
RKKY interaction. The result also indicates that the corre-
lated spin fluctuations of the Ce ions close to the Als2d site
start to develop at a much lower temperatures12 Kd. It could
be due to the stronger Kondo effect over the RKKY interac-
tion around the Als2d site as if thes– f hybridization around
this site is greater than that around the Als1d site. These
widely different mechanisms in the nuclear spin-lattice relax-
ation processes of two inequivalent Al sites over a large tem-
perature range is a rather strange observation in a dense
Kondo system that exhibits magnetic ordering.

Figure 10 shows the temperature dependence of 1/t for
the two Al sites determined from the present NMR data,
using Eq.s7d. It is seen that for the Als1d site, 1/t~T in the
range 150–300 K. This suggests that in this temperature
range the 4f local moments are noninteracting and are re-
laxed via Korringa-type scattering with the conduction elec-
trons. This finding further supports the behavior of 1/T1f vs
T curve for Als1d. In the Korringa limit, the expression for
1/t is given by

FIG. 9. sColor onlined Temperature dependence of the27Al spin-
lattice relaxation rate for them: Al s1d, j: Al s2d sites of CeNi2Al5,
respectively, andL: Al s1d and l: Al s2d sites of LaNi2Al5. n:
1 /T1f for Al s1d andh: 1 /T1f for Al s2d, obtained after subtracting
the 1/T1K contribution for LaNi2Al5 from experimental 1/T1 values
of CeNi2Al5.

FIG. 10. Temperature dependence of the fluctuation rates 1/t in
CeNi2Al5 as estimated from Eq.s7d using the data for the Als1d and
Al s2d sites.
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1/t = 8p2kBTsJNsEFdd2/h, s10d

whereJ is the s– f exchange integral. The value ofJNsEFd
determined from the slope of the dotted linesFig. 10d is
0.166, suggesting a low carrier density. However, below
150 K, 1/t decreases continuously down to 12 K, where
1/T1f again shows an increasing trend. This finding indicates
the possibility of the development of Ce-4f spin correlations
at finite q below 150 K. Below 12 K, 1/t again shows an
increasing trend down to 3.5 K. On the other hand, in the
case of the Als2d site, 1/t increases continuously in the
range 60–300 K, which could be a signature of the gradual
enhancement of the 4f spin fluctuation due to the Kondo
effect resulting in the dominance of the Korringa contribu-
tion to the Al nuclear relaxation process over that due to the
RKKY interaction. Below this range it decreases sharply
down to 3.5 K, which may be the result of the development
of q-dependent 4f-spin correlations from below 60 K,
around the Als2d site. However, the effect of the develop-
ment of such correlations are observed in the behavior of
1/T1f of the Als2d nuclear site, from the much lower tem-
perature of,12 K.

One must also consider, in rare-earth metals, the effect of
CEF in the 4f moment. In CeNi2Al5, it is very large8 and the
first excited state is situated 200 K above the ground state of
the Kramers’ doublets. Therefore, the behavior of 1/t, expe-
rienced by the Als1d site below 150 K may also be influ-
enced by the CEF effect beside theq-dependent contribution
of the dynamic susceptibility. But we have to rule out the
CEF effect in the deviation of 1/t below,60 K experienced
by the Als2d site as seen in Fig. 10.

Finally, it is to be noted that theT dependence of 1/T1 in
CeNi2Al5 differs appreciably from that of other Ce-based
compounds.5,6,24We will take the case of CeNiAl4 in a little
more detail, as the Ce environment is rather similar for
CeNiAl4 s13 Al and 4 Ni; site symmetrymm2d and
CeNi2Al5 s14 Al and 4 Ni; site symmetrymmmd.2 In
CeNiAl4, above 20 K, the Korringa term dominates in 1/T1
for all Al sites, together with the temperature-independent
contribution due to the Ce-4f spin fluctuationsv f l @v0d.6 In
the range 3.8–20 K, however, 1/T1f decreases, indicating
the appearance of 4f spin compensation.

V. CONCLUSION

We have presented the results of27Al NMR study in
grain-aligned CeNi2Al5. The temperature dependence of the

Knight shift and 1/T1 were measured in the range
3.5–300 K for two inequivalent aluminum sites present in
the unit cell. For comparison,27Al NMR results of partially
aligned LaNi2Al5 in the range 80–300 K have also been in-
cluded. In the latter, the Knight shift is temperature indepen-
dent and 1/T1 follows the Korringa relation normal to non-
magnetic intermetallics. Moreover, quadrupolar interaction
parameters for these two compounds are very close to each
other confirming the isomorphous structure. Ce-4f electronic
contribution to the hyperfine field and 1/T1 in CeNi2Al5 have
been derived after subtracting the relevant contribution ob-
tained for LaNi2Al5.

We summarize the results of CeNi2Al5 as follows:s1d The
Knight shift of the two inequivalent Al sites behave identi-
cally throughout the range 3.5–300 K. The value ofuP esti-
mated from shift data agrees well with that of single-crystal
susceptibility data.s2d The behavior of 1/T1f for the two Al
sites are widely different. For the Als1d site, with one
nearest-neighbor Ce ion, the 4f electron-spin-fluctuation pro-
cess dominates over the Korringa contribution throughout
the temperature range studied. In particular, the Ce-4f spin
correlation nearest to Als1d starts to develop below 150 K.
Finally, near 12 K, the fluctuation frequency of the 4f spin
becomes comparable to the27Al NMR frequency resulting in
the reduction of 1/T1f with further lowering of the tempera-
ture. s3d For the Als2d site, which sits in between two Ce
near neighbors, the relaxation process is dominated by the
Korringa contribution in the range 12–300 K. It could, how-
ever, sense the effect of the development of the Ce-4f spin
correlations, below 12 K, with a small enhancement of
1/T1f, from where the same for the Als1d site starts to re-
duce.s4d The widely different27Al nuclear relaxation mecha-
nisms for two inequivalent Al sites in the unit cell of
CeNi2Al5 is a strange observation. It seems that the effect of
spin fluctuation due to the Kondo effect overcomes that due
to the RKKY interaction for the Als2d site in the range
12–300 K. On the other hand, the behavior of 1/T1f for the
Al s1d site resembles to that of CeAl2, which also exhibits an
antiferromagnetic ordering withTN=3.9 K sRef. 21d, similar
to CeNi2Al5, which hasTN=2.6 K.
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