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Spin dynamics in hole-doped NiO from 7Li NMR in Ni 12xLi xO
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7Li NMR spectra and relaxation measurements in Ni12xLi xO (0.01<x<0.2) are presented for external
fields ranging from 1 T up to 9.4 T in thetemperature range 10<T<700 K. Insights into the effect of the
doping on the correlated spin dynamics of theS51 Ni21 in the paramagnetic~PM! and in the antiferromag-
netic~AF! phases are achieved. In the PM phases the7Li relaxation ratesW are related to the critical dynamics
of the Ni21 spins. It is found that the slowing down of the spin fluctuations is characterized by critical
exponents having littlex dependence, while the Ne´el temperature decreases withx approximately in the form
TN(x)5TN(0)@122.2x#, faster than theoretical predictions for cubic Heisenberg systems or for dilution by
localized diamagnetic impurities. In the AF phase the hopping of the holes induces fluctuating fields at the
nuclear site which are responsible for a sizable contribution to the7Li W. One derives the gaps between
itinerant and localized-charge transfer states. These gaps turn out to be larger than in CuO and decreasing on
increasingx, in substantial agreement with electrical conductivity. At a temperatureTm(x), which decreases
with increasingx, the hopping frequencies reach the radio-frequency range and the holes localize on the
oxygen nearest neighbors to the Li1 impurities. Then another relaxation mechanism arises, inducing marked
maxima inW at ax-independent temperatureT* .130 K, with a recovery described by a stretched exponen-
tial. This low-temperature relaxation mechanism is attributed to progressive freezing of the spin fluctuations of
effective magnetic moments generated by the hole localization which interact through the AF matrix and
correspond to a disordered paramagnet. The activation energy for the freezing is foundEA.1300 K, supported
also by muon depolarization-rate measurements.@S0163-1829~97!00341-X#
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I. INTRODUCTION

NiO is a prototype of the 3d-transition-metal oxides
~TMO’s!, with a strongd-d correlation which yields an in-
sulating character.1 The charge fluctuations are suppress
since the correlation gap is much larger than the one-elec
dispersional bandwidth.2 Thus the low-energy magneti
properties involve the 3d8 S51 Ni 21 ions. The superex-
change interaction through O22 leads to an antiferromag
netic ~AF! state, with Ne´el temperatureTN5524.5 K.3 Hole
doping of TMO’s plays a key role in high-Tc superconduct-
ing materials and a deep understanding of the electrical
magnetic properties of the nonstoichiometric compound
considered a step necessary for dealing with the mecha
underlying superconductivity in cuprates.4 NiO can be doped
by substituting Li1 for Ni21. Ni12xLi xO, up to x.0.25,
keeps its fcc crystalline structure and the low-temperat
AF ordered state, withTN decreasing with increasingx. The
holes compensating the Li1 impurity charge are of O~2p)
character, with a strong AF exchange interaction with loc
ized Ni21 S51 d electrons.4 On the basis of general aspec
of t-J models and by extending the findings to other TMO
the holes can itinerate on the AF matrix, although the im
rity potential due to Li1 tends to bind them in localized
states.2 The resistivity is expected to be of the form5 r
}(T/n0x)exp@Eh /T#, wheren0 is the Debye frequency, while
the activation energyEh of the spin-dependent hoppin
mechanism is related to the magnetic exchange6,7

Of great interest in doped TMO’s are the magnetic pro
560163-1829/97/56~17!/11056~9!/$10.00
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erties and the related spin dynamics. The properties of N
are well described by localized magnetic moments with
Heisenberg-like spin-only Hamiltonian, the orbital momen
being practically quenched by crystal or ligand fields mu
larger than the spin-orbit terms. Hole doping onS51
Heisenberg systems has recently triggered a great dea
attention. An effective low-energy Hamiltonian, suitable
describe the role of mobile holes and analogous to the
introduced by Zhang and Rice to reduce the two-dimensio
multiband Hubbard model to thet-J model,8 has recently
been proposed by Dagottoet al.9 From the solution of this
Hamiltonian for a small cluster, the hole-hopping proce
and related Ni21 spin dynamics can be described as follow
The O-type hole forms a singlet with one Ni hole, leaving
S51/2 low-energy state at a given site. This state can ea
switch to an adjacent site, producing an effective hopp
process which corresponds to a transition from theS51/2 to
S51 state of the Ni ion. This process, in turn, corresponds
fluctuations of the Ni21 spin operators around the Li1 ions
and the7Li NMR relaxation can detect this spin dynamics

The 7Li spin-lattice relaxation rate, in fact, is given by

1/T15
g2

2 E ^h1~0!h2~ t !&e2 ivLtdt, ~1!

where g is the nuclear gyromagnetic ratio andvL5gH0,
while h6 are the transverse components~with respect to
HW 0izW) of the effective fictitious fieldhW (t) at the Li site.

HerehW (t) is given by
11 056 © 1997 The American Physical Society
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56 11 057SPIN DYNAMICS IN HOLE-DOPED NiO FROM7Li . . .
hW 5(
J

AW J•SW J2gmB(
J

1

r J
3FSW J2

3rWJ~rWJ•SW J!

r J
2 G , ~2!

whereAJ describes the hyperfine interaction while the s
ond term represents the dipolar interaction with theJth Ni
ion. The temperature and doping dependence of the AF s
field at the Li site, due to the sublattice local magnetizat
^SJ&, is obtained from the Li NMR spectra. At low temper
tures, where the holes become localized, further spin exc
tions, related to the freezing of the effective magnetic m
ments, are also detected by7Li NMR relaxation.

A study of this type has been already carried out throu
7Li NMR relaxation in Li-doped CuO.10 Relevant effects
due to itinerant holes in generating Cu21 spin fluctuations
have been evidenced from the marked maxima inT1

21 at a
temperatureT* which is a function of the amount of dopin
and of the measuring frequencynL . For light Li concentra-
tion (x'0.01) some evidence of hole localization was a
found.11 The basic 7Li NMR relaxation mechanisms in
Ni12xLi xO are analogous to the ones in Cu12xLi xO. How-
ever, in the present case of Li-doped NiO the process rel
to the progressive freezing of the mobile holes and the
due to the slowing down of the fluctuations of the magne
moments associated with the localization are clearly e
denced through two maxima inT1

21 occurring in different
temperature ranges.

Finally, in the paramagnetic phase of NiO we have st
ied the critical dynamics driving the transition to the order
state and the effect of doping on the spin fluctuations
investigated.

The paper is organized as follows. In Sec. II, after so
details of experimental character and on the methodolog
the measurements, the experimental results for the spe
and for the relaxation rates are presented, establishing
proper relationships of the NMR quantities to the static a
dynamical magnetic properties. Section III is devoted to
thorough analysis of the results in terms of the role of dop
on the critical dynamics@paramagnetic~PM! phase#, of the
hole-hopping process in the high-temperature AF ph
~phase AF I!, and in the temperature range~phase AF II!
where the holes are localized. Finally, in Sec. IV, summa
ing remarks and conclusions are reported.

II. EXPERIMENTAL AND RESULTS

A. Samples and NMR general aspects

The Ni12xLi xO compounds have been prepared12 by the
reactive system NiO/Li2CO3 heated up to 800 °C and an
nealed in alumina, with a cooling rate of 5 °C min21. The
sample composition and structure have been controlled
x-ray-diffraction measurements, with a Philips PW 17
powder diffractometer. As already noticed,13 Li1 was found
to substitute Ni21 in an equivalent lattice position and, fo
x<0.25 the NiO cell ~pseudocubic at room temperatur!
with NaCl structure type (Fm3m), is still preserved. The
lattice parameter of the pseudocubic cell, as a function of
Li content, is reported in Fig. 1.

The occurrence of the transition to an AF phase and
Néel temperaturesTN(x) have been detected from the7Li
NMR spectra and from the peaks in the relaxation rate~see
-
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later on!. The transition temperature was found to be ind
pendent of the external fieldH0, within the experimental
errors, up toH0.5.9 T, for x50.1.

The 7Li NMR measurements have been carried out
means of Bruker spectrometers~MSL 200 and AM 400! with
a high-power unit allowing a radio-frequency~rf! field H1 of
amplitude up to 100 G, in external fieldsH055.9 T and
H059.4 T. At lower fields, namely,H0 from 0.7 T to 2 T,
homemade spectrometer designed for long-term stabiliza
and acquisition was used. The temperature range of meas
ments was 10–700 K, with thermal stability better than 1

7Li NMR spectra in the PM phase, for narrow lines, ha
been obtained by Fourier transforming~FT! half of the echo
signal following the quadrupolar echo pulse sequen
(p/2)x2t2(ap/2)y , p/2 corresponding to the pulse leng
maximizing the signal in a solution of LiCl. For broad line
the spectra have been reconstructed from the envelope o
FT of the echo signals collected at different irradiation fr
quencies. A small quadrupole interaction on the7Li nucleus
was observed, likely due to a slight distortion of the cub
structure around the impurity. In view of the small value
the quadrupole coupling constant the spread of the7Li NMR
frequency due to the angular-dependent electric perturba
is smaller than the rf spectral distribution and in pract
both the central (1/2↔21/2) and the two satellite
(63/2↔61/2) lines are irradiated. The signal, in fact, w
maximized by a pulse length equal to the one in the L
solution, where the static quadrupole interaction is avera
to zero. Fora52 the quadrupolar echo sequence is expec
to generate an echo from the central line, while fora51 the
satellites transitions, broadened by a first-order quadrup
interaction, are also refocused in the echo.

In the AF phase the Li NMR spectra show a large broa
ening due to the field̂hz& of dipolar origin @second term in
Eq. ~2!# and a slight shift resulting from the hyperfine term
For a linewidth of the order of the rf distribution the NMR
lines have been still reconstructed by FT the echo sign
collected at different frequencies. For very broad lines,
spectra have been obtained by the echo envelope as a
tion of the irradiation frequency, by reducing the strength
the rf field.

FIG. 1. Lattice parameter of the pseudocubic cell of Ni12xLi xO
as a function of the Li content. The solid line is the best-fit behav
according to a linear decrease ofa with increasingx.
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11 058 56M. CORTI et al.
The spin-lattice relaxation times have been obtained fr
the recovery of the echo signal after a sequence of satura
pulses at the central frequency of the correspondent s
trum. Both central and satellite lines were thus irradiated
in general the recovery of the7Li echo signal is well de-
scribed by an exponential law, with no dependence on
length of the saturating sequence. The time constant of
recovery is thereforeT15(2W)21, W being the relaxation
transition probability due to the time-dependent part of
field given by Eq.~2!. For very broad lines the small, fas
recovering part of the echo signal, related to the spec
diffusion, was not considered and only a part~about 90%! of
the exponential form was taken into account to extractT1.
Around the peak in the relaxation rate observed in the ph
AF II ~see later on!, the recovery was no longer described
an exponential law. The relevance of this changeover will
discussed~Sec. III! in term of spin-glass-like behavior upo
localization of the holes.

B. 7Li NMR spectra

In the paramagnetic phase the7Li NMR frequency was
found to be close to the one of the reference signal in
LiCl solution, indicating that the scalar part of the nucleu
electron interaction@first term in Eq.~2!# is small. The dipo-
lar part @second term in Eq.~2!#, when averaged over th
random orientation in a polycrystalline sample, yields
broadening of the line. Througĥhz&}^Sz&5xaH0 this
broadening tracks the atomic susceptibilityxa of the Ni21

ion. An order of magnitude estimate for the broadening
pected from the first 12 Ni21 ion nearest neighbors to
given Li nucleus, by using the experimental value3,14 of the
susceptibility, yieldsdn.(10 kHz! H0 (H0 in tesla!, in
agreement with the experimental results~see Fig. 2!.

Below TN the spontaneous sublattice magnetization
duces a nonzero local fieldhW AF at the Li site. WhilehAF

FIG. 2. 7Li NMR spectra in the paramagnetic phase
Ni 0.9Li 0.1O. The line atH051.1 T ~a! has been obtained by FT ha
of the echo signal, while the spectra atH055.9 T ~b! have been
reconstructed from the envelope of the FT of the echo as colle
at different irradiation frequencies. The temperature and field
pendence of the linewidth indicates a broadening of the fo
dn5a1bH0, with a.11 kHz while b.9.3 kHz/T is the dipolar
contribution due tô mNi&H5xaH0 ~see text!. On approachingTN

the broadening is consistent with the increase ofxa . The inset of
part ~a! shows an illustrative example of the spectra in the
phase.
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would be zero in the case of a perfect cubic arrangemen
AF ordered magnetic moments, the non-magnetic Li1 ions
break the AF symmetry and one hashW AFÞ0. Thus a marked,
temperature-dependent, broadening of the line is obser
The shift of the line is difficult to evidence, again consiste
with a largely dipolar origin of thehW AF field. For instance at
T.350 K, in Ni0.9Li 0.1O the shift is within 0.01% forH0.1
T, with a linewidth of the order of 700 G.

The shape of the line in the AF phase is related to
powder distribution ofhW AF with respect toHW 0. From the
relation p(n)}@dhz /d(cosu)#21, with hz5uhW AFucosu one
would expect a rectangular shape of the line, of wid
Dn52g/(2p)uhW AFu. In Ni12xLi xO one has to take into ac
count the fields experimented by Li nuclei having differe
numbers of other Li1 ions at the nearest-neighbors~NN! Ni
sites. The probability for a given Li ion to have other Li’s a
nearest neighbors~and thushAFÞ0) can be evaluated as fo
lows. The probability of havingz Li 1 in a cluster of 13 sites
is P13,x8 (z)513!xz(12x)132z/z!(132z)!. Then one has to
renormalize in order to reduce the estimate only to th
cases in which one ion~the reference one! is at least present
Px(z)5P13,x8 (z11)/@12P13,x8 (0)#. The results are plotted in
Fig. 3 for the samples atx50.05 andx50.1. As a conse-
quence, one has a distribution of rectangular shape wh
cause a NMR line consistent with the one shown in the in
of Fig. 2. Being mostly interested in the temperature dep
dence of the sublattice magnetization to whichhW AF is propor-
tional, we will simply use the full width at half intensityDH
of the 7Li spectra as a measure of the local field. In Fig. 4 t
temperature dependences ofDH, for x50.05 andx50.1, are
shown.

C. 7Li relaxation rates

The 7Li relaxation rates are reported in Fig. 5. In the ins
of the figure 1/T1 around the transition is reported in deta
showing how from the maxima the Ne´el temperaturesTN(x)
were estimated. These temperatures coincide within the
perimental errors with the ones where the onset ofhW AF at the
Li site was indicated by a marked broadening of the spec
The recovery of the7Li echo signal after complete saturatio
in general was described by an exponential law. Arou

ed
e-

FIG. 3. Probability for a given Li1 reference ion to havez other
Li 1 ions as nearest neighbors, in Ni12xLi xO, for x50.1 and
x50.05.
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56 11 059SPIN DYNAMICS IN HOLE-DOPED NiO FROM7Li . . .
T.130 K, where the relaxation rates have marked maxi
the recovery is no longer exponential and the data reporte
Fig. 5 are the inverse of the time at which the recovery p
reduces to 1/e.

For high temperatures, namely,T>750 K, the relaxation
rates have been noticed to increase on increasing temper

FIG. 4. Temperature dependence of the local fielduhW AF(x,T)u,
as obtained from the widthDH of the 7Li NMR spectra forx50.05
(n) andx50.1 (d). The solid line represents the best-fit behav
of the data for T/TN>0.7 according to the lawuhAFu}DH
}(TN2T)1/3.

FIG. 5. 7Li NMR spin lattice relaxation rate 1/T152W as a
function of temperature in Ni12xLi xO for x50.05 ~a! and x50.1
~b!. The inset is a blowup of the results around the transition fr
the paramagnetic to the antiferromagnetic phase and indicates
TN(x) was evaluated~see text!.
a,
in
t

ure

~data not reported in Fig. 5!, probably related to diffusion of
Li 1 ions which induces a further relaxation mechanism.
the slow-motion condition~diffusion frequencynd!nL), this
contribution can be writtenT1

21}nd /nL
2 , implying a relax-

ation rate which increases with increasing rate of diffusio
The diffusion of Li1 ions has no effect at lower temperatur
the relaxation process being controlled by the spin fluct
tions driving the time dependence in the fieldhW (t) at the Li
site, as is proved by the maxima inT1

21 at the transition from
the PM to the AF phase.

III. ANALYSIS OF THE DATA AND DISCUSSION

In this section the results pertaining to the static qua
ties, such as fields at the Li site, and the7Li relaxation rates
due to the time dependence of the dipolar field are discus
It is convenient to consider three different temperatu
ranges: the PM phase (T.TN); the AF phase I, where the
holes itinerate, which spans approximately fromTm to TN ,
Tm being the temperature at which the relaxation rates sh
maxima~Fig. 5!; a second AF phase~AF II ! will be consid-
ered, approximately below 250 K, where the holes are loc
ized and cause a strong contribution to the relaxation ra
aroundT* .130 K.

A. Paramagnetic phase

For T>TN the extra hole is moving very fast and does n
appreciably contribute to the nuclear relaxation process.
7Li NMR relaxation is controlled by the relatively slow dy
namics of Ni21 S51 spins. In the limiting situation of infi-
nite temperature, with uncorrelated spin fluctuations, the
laxation rate can be expressed in the form15

1

T1
5

2

3
g2g2mB

2S~S11!(
J

1

r J
6 te , ~3!

with

te5
A2p

ve
5A2p

A3\

@2J1e
2 KB

2zS~S11!#1/2
, ~4!

wherez is the number of NN spins andJ1e is the effective
exchange interaction between NN. The exchange const
of the undoped system can be taken asJ15u234u K for the
nearest neighbors andJ25202 K for the next-neares
neighbors.3 For an order of magnitude estimate one can lim
the summation in Eq.~3! to the NN lattice sites, at the dis
tance r NN52.96 Å, where n(x)512$12@12Px(0)#/12%
magnetic ions are placed withJ1e.J1(12x)2. Then

1

T1
'

4

3
g2g2mB

2n~x!
1

r NN
6

A6p\

2A12J1eKB

. ~5!

From Eqs.~4! and~5!, for x50.1 one derivesT1
21.150 s21,

larger than the experimental data by a factor of about 6. T
discrepancy is consistent with the occurrence of a correla
spin dynamics. The AF correlation leads to a sizable red
tion of the relaxation rate since the filtering effect implies
cancellation of the effective field at the critical wave vecto
For a single Ni21 ion missing in the cluster of the 12 NN o

ow
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11 060 56M. CORTI et al.
a given Li1 ~the condition pertaining to about 40% of th
nuclei; see Fig. 3! one obtains an order of magnitude ofT1
close to the experimental data. Let us discuss the tempera
dependence of the7Li T1 in the PM phase by referring fo
simplicity to the case of an effective fluctuating field asso
ated with a spin vacancy NN of a given Li nucleus. B
introducing collective spin componentsSqW(t) and decay rates
GqW of the normal excitations, one can write15

1

T1
5

2

3
g2g2mB

2 1

r NN
6

1

N(
qW

^uSqW u2&
GqW

~6!

and then relate the relaxation rate to the exchange Hei
berg frequencyve through the magnetic correlation leng
j,16

1

T1
5g2g2mB

2 1

r NN
6

1

ve
S j

aD z2d122h

. ~7!

z is the dynamical critical exponent involved in the slowin
down of the decay rateGqW.ve /(j/a)zf (qj), while f (qj) is
an homogeneous function of the formf .@11(qj)2#21. The
exponenth is expected around 0.2 for dimensionality of th
systemd53. For a critical behaviorj}(T2TN)2n one has a
divergence ofT1

21 of the form T1
21}(T2TN)2n, with the

exponentn given byn5n(z212h)5g2n(32z), g being
the critical exponent describing the divergence of the st
gered susceptibility. The temperature dependence of the
laxation rate in the PM phase~Fig. 6! is consistent with a
critical law with a small, littlex-dependent exponentn. It has
been shown by Spaleket al.17 that in the high-temperatur
approximation the behavior of the homogeneous suscept
ity in a randomly dilute Heisenberg paramagnet is still of t
Curie-Weiss form, with a renormalization of the Curie co
stant C5C0(12x) and of the Curie-Weiss temperatu
uN5uN

0 (12x). For simple cubic Ising systems with rando
impurities, Monte Carlo calculations18 do not indicate a siz-
able change of the critical exponents and the tempera
behavior of the susceptibility is virtually independent of co
centration. Our estimates ofn ~Fig. 6! are consistent with the
aforementioned predictions.

FIG. 6. Log-log plot of the7Li NMR relaxation rate in the PM
phase of Ni12xLi xO as a function of the reduced temperatu
(T2TN)/TN .
ure
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As regards the doping dependence of the Ne´el tempera-
tures~Fig. 7! the behavior oft5TN(x)/TN(0) for Li-doped
NiO is compared with the one for Mg-doped NiO~Ref. 19!
and with the theoretical predictions for the simple dilut
Heisenberg models. Due to the hopping of the holes,
decrease oft with x is faster than the one induced by Mg. A
analogous effect has been observed in La2CuO4 by Cheong
et al.20 On the other hand, the behavior oft with x is sur-
prisingly close to the one predicted by a crude diluti
model. In a mean-field approximation, the Ne´el temperature
in NiO depends only on the next-NN exchange interact
J2, because of the cancellation of the field from the 12 N
for symmetry reasons and one hasTN}J2. If in the Hamil-
tonian J2SW i•SW j one weights with (12x) the probability of
having a magnetic ion at a given site, thent}(12x)2 ~dotted
line in Fig. 7!. The agreement is probably fortuitous, also
view of the partial contradiction of the dilution model wit
more quantitative theoretical descriptions.17

The broadeningdH of the 7Li NMR line on approaching
TN can be analyzed in terms of the temperature depende
of the susceptibility, sincedH}xa ~Sec. II B!. Theoretically,
from the expression of the homogeneous static susceptib
in randomly diluted paramagnets,17 one would expectdH
}H0n(x)C(x)/@T2uN(x)#, namely, a moderate increase
dH on approachingTN from above. The behavior ofdH
with T @Fig. 2~a!# is also consistent with the experiment
observation for the susceptibility in Mg-doped NiO.19

On summarizing, the doping dependences ofTN and of
the static susceptibility as well as of the spin lattice rela
ation rate, on the whole, appear to indicate that a dilutionl
picture, with a renormalization of the Ne´el temperature and
of the Curie-Weiss constant and small corrections of
critical exponents, can describe the main features dedu
from NMR spectra and relaxation in the paramagnetic ph
of Li-doped NiO.

B. High-temperature AF phase„AF I …

From the NMR spectra belowTN(x) one can extract the
temperature dependence of the fieldhAF at the Li site result-

FIG. 7. Reduced Ne´el temperaturet5TN(x)/TN(0) as a func-
tion of the lithium content in Ni12xLi xO (d, present work! and
comparison with the one in Mg-doped NiO~open square, solid
square! ~Refs. 19, 21, and 22!. The solid line is the linear best-fi
behavior, yieldingt5122.2x, while the dashed line is the theore
ical line for simple cubic Heisenberg systems with a NN interact
only and the dotted line the form resulting from a crude diluti
model ~see text!.
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56 11 061SPIN DYNAMICS IN HOLE-DOPED NiO FROM7Li . . .
ing from the ordering of Ni21 magnetic moments, as de
scribed in Sec. II. In Fig. 4 it is shown how a critical beha
ior yielding hAF}^mNi&}(TN2T)1/3 can qualitatively
describe the temperature dependence of the sublattice
netization forT/TN(x)>0.7. Also, for the sample atx50.2,
the results~not reported! are consistent with this critical law
The departure occurring belowT/TN.0.7 cannot be ac-
counted for by the crossover to a mean-field behavior an
is most likely related to the localization of the holes~next
section!.

As regards the7Li relaxation rates, it is noted that in
pure AF the temperature behavior would be quite differ
from the ones shown in Fig. 5. In a pure AF the spin ex
tations driving the nuclear relaxation process are magn
corresponding to conventional underdamped spin waves
in CuO,10 Li doping alters the spin fluctuations in a drama
way. The relaxation rate increases by orders of magnit
and displays marked maxima at a temperatureTm which is a
function of x and of the measuring frequencyvL . These
features are due to a direct relaxation process, with av→0
spectral density of the hyperfine field at the nucleus th
negligible in the pure AF, is enhanced by doping. The ins
gence of low-energy spin excitations has to be related
diffusionlike motion of the holes, with an effective correl
tion time of the form

th.
t0

nh
5

t0

x
exp@Eg~x!/T#, ~8!

nh being the fraction of itinerant holes andEg(x) the energy
gap between localized and itinerant states.10 The direct relax-
ation process is induced when the passage of the hole c
to the Li site causes a disturbance in the AF matrix~for
instance, a magnetic polaron! which locally anneals the field
resulting from the undisturbed magnetic moments.

The features of the7Li relaxation rate in the AF I region
are consistent with the theoretical picture outlined above,
passage of the hole causing the Ni21↔ Ni 31 fluctuations.9

For the nuclear relaxation this corresponds to a fluctua
dipolar field at the Li site. Starting from Eq.~1! and consid-
ering the fieldh(rW,t) associated with a hole atrW and corre-
sponding to an effective magnetic momentemB , for a cor-
relation function for the diffusion process of exponent
character, the relaxation rate can be written

2W5
g2

6
~emB!2E

v

ch

r 6 ~21sin2u!
2th

11vL
2th

2r 2drdV, ~9!

wherech is the hole concentration. By assuming for simpl
ity a single correlation timeth not depending onrW, Eq. ~9!
leads to

2W5
8p

9
g2~emB!2

ch

dm
3

2th

11vL
2th

2 , ~10!

wheredm is the distance of the minimum approach of t
hole to Li1.

The experimental data in the AF I phases~see Fig. 5! have
been fitted in the light of Eq.~10! and the values of the
energy gapsEg(x) and oft0 have been extracted~Fig. 8!.
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Eg can be compared with the one estimated for the h
ping of polarons from resistivity:6 Eh.3000 K for x.0.02.
The decrease ofEg on increasingx, indicated by the resis-
tivity and by 7Li T1’s, is strong support for the hypothesis o
gaps between itinerant and localized states of coopera
character, reduced by charge doping, similarly to the cas
lanthanum oxides.16 Eg for NiO is significantly larger than in
CuO @whereEg(x50.03).200 K#, in qualitative agreemen
with the increase of the binding potential. Furthermore,Eg is
remarkably close to the effective exchange interaction
tween Ni21 and the O-2p hole estimated by Kuiperet al.4

Also the dielectric data23 for the high-temperature absorptio
peaks in the loss tangent can consistently be interprete
terms of a hopping process of the polarons. From our e
mates oft0 andEg for x50.1 one expects that in the mea
surements at 100 kHz the peak in the loss tangent oc
around 210 K, consistent with the observation at about 19
for x50.07.23 Finally, it is noted that from the value of 2W
at Tm , where according to Eq.~10! one hasth5vL

21 , one
derives for the factore the valuee.531022, if dm is as-
sumed to coincide with the Ni-Ni distance.

C. AF phase II

Below Tm , the hopping frequencies of the holes becom
very small (thvL@1). Measurements at different field
H05vL /g indicate the occurrence of the slow-motion co
ditions @see Eq.~10!# and one can considerTm as a freezing
temperature for charge fluctuations. BelowTm the holes are
localized and changeovers in the relaxation mechanism
the recovery laws, and in the temperature dependence o
AF field can be expected. These effects have been evide
in CuO ~Ref. 11! as well as in Sr-doped La2CuO4.24

A variety of experimental findings indicates that
Ni12xLi xO the charge compensating holes are primarily
the oxygen around the Li impurity.25 The antiferromagnetic
coupling of the oxygen hole with the Ni spin results in
magnetic moment, a kind of spin texture onto the AF matr
Dielectric loss measurements show that the Li1 centers have
associated electric dipole moments.25

FIG. 8. Comparison of the experimental results for7Li relax-
ation rates in Ni12xLi xO with the theoretical prediction~solid lines!
according to the model of low-energy spin excitations driven
hole diffusion. In the inset the best-fit values are reported.



a-
i

ti
ax
tio
-

ct

s
b

at
he

s

l
m

o-
i-
n-
pi

e
of

A
g
u

re
ate
is
pe
st
-
y

-

out

the
AF

he
dia-
ith

he

si-
n in
d
ss
in

o

o

on
rs

av-
-

11 062 56M. CORTI et al.
The dramatic increase, on cooling, of the7Li relaxation
rate~see Fig. 5! is the most direct evidence that spin fluctu
tions still occur after charge freezing. This observation
analogous to the one26 in the AF phase of Zn-doped
La2CuO4, where the spin vacancy due to theS50 Zn21 for
Cu21 S51/2 substitution induces the anomalous magne
moment. We point out that the marked peaks in the rel
ation rate have been corroborated by muon spin relaxa
(mSR!.27 In Ni 0.95Li 0.05O, the depolarization rate, in the in
ternal field at the muon site, on cooling increases by a fa
of about 104, with a maximum atT.130 K. Besides con-
firming our findings, this observation rules out the hypothe
that reorientations of the electric dipoles around Li can
responsible for the enhancement of the relaxation r
through the interaction of the electric field gradients with t
7Li quadrupole moment.

The temperatureT* .130 K where the relaxation rate
have their maxima and the activation energies~see later on!
do not depend on the doping amount, at least for smalx.
This is further support in favor of a relaxation mechanis
involving the fluctuations of a local effective magnetic m
ment mW e around the Li impurity. The random spatial distr
bution of themW e’s and the character of their long-range i
teraction via the AF matrix are features common to s
glass systems. The freezing of the spin fluctuations can
heuristically described by a correlation function formW e(t) of
exponential character, with a distribution of correlation tim
p(tm) accounting for the spin-lattice recovery in the form
a stretched exponential~Fig. 9!. Then the7Li relaxation rate
can be written

2W5
g2

2
heff

2 E p~tm!
2tm

11vL
2tm

2
dtm , ~11!

whereheff is an effective amplitude of the fluctuating field.
possible form of distribution oftm is the one correspondin
to a rectangular distribution in the activation energies, th
yielding tm ranging from ^tm&/b to ^tm&b, with ^tm&
}exp@^EA&/T#. Then28

FIG. 9. 7Li spin lattice relaxation recoveries in Ni0.9Li 0.1O at
T.20 K as a function of the strength of the field. The recoveries
the echo amplitudey5@s(`)2s(t)#/s(`) as a function of the time
t after the saturation, in zero-field-cooled and in field-cooled c
ditions, inH051.1 T, are the same within the experimental erro
s

c
-
n

or

is
e
e,

n
be

s

2W5
g2

2
heff

2 1

vLlnb
@ tan21~vL^tm&b!2tan21~vL^tm&/b!#.

~12!

In Fig. 10 the relaxation rates in the AF II phase a
compared with this theoretical behavior. For a moder
width of the distribution (b<10) the temperature behavior
not much different from the one for a simple Arrhenius-ty
law for ^tm&, particularly in the temperature region of fa
fluctuations, namely,tmvL!1. The average activation en
ergy is approximatelŷEA&.1300 K and seems practicall
independent of the amount of lithium, at least for smallx.
Also the effective fieldheff.80 G, as derived from the maxi
mum in the relaxation rate@where ^tm&'1/vL , see Eq.
~11!#, is approximately independent ofx. The value of the
effective field corresponds to a magnetic moment of ab
0.25mB at the O site, forH051.1 T.

The magnetic field appears to affect the properties of
system of the magnetic moments superimposed on the
matrix. In fact, on varying the external fieldH0 one should
observe thevL dependence predicted by Eq.~10!, which in
the regime of extreme slowing down, namely,vLutmu@1,
predictsT1

21}vL
2a , with 1<a<2 depending on the width

of the distribution. This dependence is not observed. T
discrepancy could be due to a field-dependent phase
gram, a rather common situation in disordered magnets w
competing interactions and/or spin anisotropies.29 On the
contrary, the lack of a field dependence indicative of t
slow motion condition forT,T* and the fact thatT* is
little, if any, x dependent are in favor of a real phase tran
tion to an ordered state. On the other hand no modificatio
the linewidth has been detected atT* and also the stretche
exponential recovery is a condition typical of a spin gla
state rather than of a phase transition. Further work is
progress through susceptibility andmSR measurements t
clarify this interesting point.27

IV. SUMMARIZING REMARKS AND CONCLUSIONS

By means of a thorough analysis of7Li NMR spectra and
spin-lattice relaxation in Ni12xLi xO, the effects of charge

f

-
.

FIG. 10. Semilogarithmic plot of the7Li relaxation rates in the
AF II phase vsT21 in the samples atx50.01 andx50.05, for
different external fields. The lines represent the theoretical beh
iors predicted by Eq.~10! for b51 ~monodispersive relaxation pro
cess, solid line! andb510 ~dashed line!.
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doping in antiferromagneticS51 NiO have been studied. In
the paramagnetic phase the spin vacancies at the lattice
sitions where Li1 S50 substitutes Ni21 S51 break the
symmetry of the AF correlated spin fluctuations. Thus t
enhancement and slowing down of the fluctuations caus
time-dependent field at the Li site, yielding a divergence
the relaxation rate when the Ne´el temperature is approache
from above. This divergence turns out to be described b
small (.0.2) critical exponent, littlex dependent and in gen
eral agreement with the main aspects of a randomly dilu
Heisenberg paramagnet. From the relaxation rates and f
the broadening of the NMR spectra, the doping depende
of the Néel temperature has been derived, up to the dop
amountx.0.20 where the cubic AF structure of NiO is sti
preserved. Forx<0.1 one hasTN(x).TN(0)@122.2x#. The
reduction ofTN with doping appears faster than for homov
lent substitutions as in other charge-doped AF’s, the hopp
of the holes being strongly effective in destroying the lon
range order.

In the AF phase the hole itinerancy involves the spin d
namics of the ordered Ni21 magnetic moments and induce
a shift of the spectral distribution of the magnetic excitatio
towards low energies. Then the7Li relaxation rates, instead
of being driven by magnons scattering as in pure AF’s, a
controlled by the fluctuations in the hyperfine field when t
passage of the hole locally forms a singlet and anneals
order in the Ni21 magnetic moments. A correlation time o
the form th}exp@Eg(x)/T# can be introduced,Eg being the
gap from localized to itinerant states. Thus in the AF I pha
the relaxation rate exhibits maxima atT5Tm , when th

21

reaches the radio-frequency range. The strength of th
maxima isx dependent, as well as the temperatureTm . The
gapsEg(x) have been estimated and turn out to be larg
than in other TMO’s and decreasing when the doping is
creased, in general agreement with electrical conductiv
The NMR line broadening belowTN is due to the sublattice
magnetization̂ mNi& and information on its temperature de
pendence has been obtained. While close toTN(x) the
growth of ^mNi& is approximately described by the usu
critical law, for T/TN(x)<0.7 one notes a departure and th
po-
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has been considered a signature of localization of the ho
In the temperature region below the localization, a ne
source of spin excitations has been evidenced. The7Li re-
laxation rates increase by three orders of magnitude on c
ing, with marked maxima at a temperatureT* . The strength
of the maxima, as well asT* , does not depend on the amou
of doping, at least for smallx, supporting a picture of a loca
relaxation mechanism. The stretched exponential form of
recovery law suggests a distribution of correlation timestm

for the fluctuations of the extra magnetic momentsmW e . Mea-
surements of muon depolarization rates confirm an extre
slowing down of the spin fluctuations and also rule out a
possible role of the electric dipoles around the Li1 impuri-
ties in driving the relaxation process through the tim
dependent quadrupolar interaction. From the fitting of t
temperature dependence of7Li relaxation rates the averag
activation energy for the reorientation of theme’s turns out
^EA&.1300 K, again practically independent ofx. The am-
plitude of the fluctuating field is around 80 G, correspondi
to an effective magnetic moment of about 0.25mB at the Li-O
distance. BelowT* the relaxation rate decreases by seve
orders of magnitude on cooling. In principle this could b
related either to a phase transition to an ordered state wi
real nonzero local order parameter or to an extreme slow
down of the magnetic moments. Measurements at differ
magnetic fields do not clarify this point. The relaxation rat
belowT* are almost field independent, as expected for a r
phase transition to an ordered state. However, no modifi
tion of the width of the broad NMR spectra is detected belo
T* , consistent witĥ me&Þ0 and then with a spin glass state
In this case our findings indicate that the external field
fects the properties of this spin glass state.
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