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Spin dynamics in hole-doped NiO from ’Li NMR in Ni ;_,Li, O
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Li NMR spectra and relaxation measurements in_Nii,O (0.0.=x<0.2) are presented for external
fields ranging fron 1 T up to 9.4 T in theaemperature range ¥JT<700 K. Insights into the effect of the
doping on the correlated spin dynamics of 81 Ni?" in the paramagnetitPM) and in the antiferromag-
netic (AF) phases are achieved. In the PM phases theelaxation ratesV are related to the critical dynamics
of the Ni?* spins. It is found that the slowing down of the spin fluctuations is characterized by critical
exponents having littlx dependence, while the Wetemperature decreases wittapproximately in the form
Tn(X)=Tn(0)[1—2.2], 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’tieW. 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 temperafyfe), which decreases
with increasingx, the hopping frequencies reach the radio-frequency range and the holes localize on the
oxygen nearest neighbors to the*Limpurities. Then another relaxation mechanism arises, inducing marked
maxima inW at ax-independent temperatuiie =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 i€feai800 K, supported
also by muon depolarization-rate measuremdi®8163-18207)00341-X]

I. INTRODUCTION erties and the related spin dynamics. The properties of NiO
are well described by localized magnetic moments with a
NiO is a prototype of the @-transition-metal oxides Heisenberg-like spin-only Hamiltonian, the orbital momenta
(TMO’s), with a strongd-d correlation which yields an in- being practically quenched by crystal or ligand fields much
sulating character.The charge fluctuations are suppressedarger than the spin-orbit terms. Hole doping &1
since the correlation gap is much larger than the one-electrobHeisenberg systems has recently triggered a great deal of
dispersional bandwidth. Thus the low-energy magnetic attention. An effective low-energy Hamiltonian, suitable to
properties involve the & S=1 Ni?" ions. The superex- describe the role of mobile holes and analogous to the one
change interaction through 20 leads to an antiferromag- introduced by Zhang and Rice to reduce the two-dimensional
netic (AF) state, with Nel temperaturdy=524.5 K3 Hole ~ multiband Hubbard model to theJ model® has recently
doping of TMO’s plays a key role in higfiz superconduct- been proposed by Dagot al® From the solution of this
ing materials and a deep understanding of the electrical andamiltonian for a small cluster, the hole-hopping process
magnetic properties of the nonstoichiometric compounds i@nd related Ni* spin dynamics can be described as follows.
considered a step necessary for dealing with the mechanisirhe O-type hole forms a singlet with one Ni hole, leaving an
underlying superconductivity in cuprat&sliO can be doped S=1/2 low-energy state at a given site. This state can easily
by substituting Li* for Ni?*. Ni;_,Li,O, up tox=0.25, switch to an adjacent site, producing an effective hopping
keeps its fcc crystalline structure and the low-temperatur@rocess which corresponds to a transition from$kel/2 to
AF ordered state, witfTy decreasing with increasing The  S=1 state of the Niion. This process, in turn, corresponds to
holes compensating the Liimpurity charge are of @p) fluctuations of the Ni* spin operators around the Liions
character, with a strong AF exchange interaction with local-and the’Li NMR relaxation can detect this spin dynamics.
ized Ni2* S=1 d electrons: On the basis of general aspects ~ The ’Li spin-lattice relaxation rate, in fact, is given by
of t-J models and by extending the findings to other TMQO's, )
the holes can itinerate on the AF matrix, although the impu- _r Ziet
rity potential due to Li" tends to bind them in localized =73 f (h.(0)h_(t))e"*r'dt, @
states The resistivity is expected to be of the fatrp where v is the nuclear gyromagnetic ratio and = yHq,

o (T/vox)exd E,/T], wherey, is the Debye frequency, while ) .
the activation energyE, of the spin-dependent hopping Vl/hl|e h. are the transverse componeritgith respect to

mechanism is related to the magnetic excharige Hol2) of the effective fictitious fielch(t) at the Li site.
Of great interest in doped TMO'’s are the magnetic prop- Hereh(t) is given by
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whereA; describes the hyperfine interaction while the sec-
ond term represents the dipolar interaction with ftle Ni T ate 1

ion. The temperature and doping dependence of the AF static;
field at the Li site, due to the sublattice local magnetization
(Sy), is obtained from the Li NMR spectra. At low tempera- 4154 _
tures, where the holes become localized, further spin excita-
tions, related to the freezing of the effective magnetic mo-

ments, are also detected Biii NMR relaxation. 414 1
A study of this type has been already carried out through : _ : . : _ : ,
"Li NMR relaxation in Li-doped CuG° Relevant effects 0.00 0.05 0.10 015 020
due to itinerant holes in generating €u spin fluctuations ¥
have been evidenced from the marked maxima’]rjr at a FIG. 1. Lattice parameter of the pseudocubic cell of NLi, O

temperaturdl™* which is a function of the amount of doping as a function of the Li content. The solid line is the best-fit behavior
and of the measuring frequenay . For light Li concentra- according to a linear decrease afwith increasingx.
tion (x~0.01) some evidence of hole localization was also

11 . 7 . . . .
found:™ The basic ‘Li NMR relaxation mechanisms in |ater op. The transition temperature was found to be inde-

Ni;_Li 1O are analogous to the ones inCyLi,O. How-  yengent of the external fieltl,, within the experimental
ever, in the present case of Li-doped NiO the process relateéirrors up toH,=5.9 T, forx=0.1

to the progressive freezing of the mobile holes and the one The 7Li NMR measurements have been carried out by

due to the slowing down of the fluctuations of the magnetic .
moments associated with the localization are clearly evilneans of Bruker spectrometédSL 200 and AM 400 with

denced through two maxima ifi; * occurring in different a high-power unit allowing a radio-frequenay) field H, of
temperature ranges ! amplitude up to 100 G, in external field4;=5.9 T and

Finally, in the paramagnetic phase of NiO we have stud—HO:g'4 T. At lower fields, namelytt, from 0.7 Tt0 2 T,

ied the critical dynamics driving the transition to the orderednomemade spectrometer designed for long-term stabilization
state and the effect of doping on the spin fluctuations ind acquisition was used. The temperature range of measure-
investigated. ments was 10—700 K, with thermal stability better than 1°.
The paper is organized as follows. In Sec. II, after some 'Li NMR spectra in the PM phase, for narrow lines, have
details of experimental character and on the methodology dpeen obtained by Fourier transformi(fgT) half of the echo
the measurements, the experimental results for the spectgégnal following the quadrupolar echo pulse sequence
and for the relaxation rates are presented, establishing tHer/2),— 7—(aw/2),, 7/2 corresponding to the pulse length
proper relationships of the NMR quantities to the static andnaximizing the signal in a solution of LiCl. For broad lines
dynamical magnetic properties. Section Il is devoted to ahe spectra have been reconstructed from the envelope of the
thorough analysis of the results in terms of the role of dopingT of the echo signals collected at different irradiation fre-
on the critical dynamicgparamagneti¢PM) phasé, of the  quencies. A small quadrupole interaction on thé nucleus
hole-hopping process in the high-temperature AF phasgas observed, likely due to a slight distortion of the cubic
(phase AF J, and in the temperature rangehase AF I} structure around the impurity. In view of the small value of
where the holes are localized. Finally, in Sec. IV, summarizyne quadrupole coupling constant the spread of tHeNMR
ing remarks and conclusions are reported. frequency due to the angular-dependent electric perturbation
is smaller than the rf spectral distribution and in practice
Il. EXPERIMENTAL AND RESULTS both the central (12 —1/2) and the two satellite
(£3/2—~*+1/2) lines are irradiated. The signal, in fact, was
maximized by a pulse length equal to the one in the LiCl
The Ni,_,Li,O compounds have been prepdrfedy the  solution, where the static quadrupole interaction is averaged
reactive system NiO/LICO5 heated up to 800 °C and an- to zero. Fora=2 the quadrupolar echo sequence is expected
nealed in alumina, with a cooling rate of 5°C mih The  to generate an echo from the central line, whiledsr1 the
sample composition and structure have been controlled bygatellites transitions, broadened by a first-order quadrupole
x-ray-diffraction measurements, with a Philips PW 1710interaction, are also refocused in the echo.
powder diffractometer. As already notic&tlLi * was found In the AF phase the Li NMR spectra show a large broad-
to substitute Nf* in an equivalent lattice position and, for ening due to the fieldh,) of dipolar origin[second term in
x=<0.25 the NiO cell(pseudocubic at room temperature Eq.(2)] and a slight shift resulting from the hyperfine term.
with NaCl structure type Km3m), is still preserved. The For a linewidth of the order of the rf distribution the NMR
lattice parameter of the pseudocubic cell, as a function of thénes have been still reconstructed by FT the echo signals
Li content, is reported in Fig. 1. collected at different frequencies. For very broad lines, the
The occurrence of the transition to an AF phase and thepectra have been obtained by the echo envelope as a func-
Neel temperaturedy(x) have been detected from tHe.i tion of the irradiation frequency, by reducing the strength of
NMR spectra and from the peaks in the relaxation fage the rf field.

A. Samples and NMR general aspects
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FIG. 2. 7Li NMR spectra in the paramagnetic phase of FIG. 3. Probability for a given Li reference ion to have other
Nig.dLi 910. The line aHy=1.1 T (a) has been obtained by FT half Li " ions as nearest neighbors, in NilLi,O, for x=0.1 and
of the echo signal, while the spectratdg=5.9 T (b) have been x=0.05.
reconstructed from the envelope of the FT of the echo as collected ] ]
at different irradiation frequencies. The temperature and field dewould be zero in the case of a perfect cubic arrangement of
pendence of the linewidth indicates a broadening of the formAF ordered magnetic moments, the non-magneti¢ idns
ov=a+bH,, with a=11 kHz while b=9.3 kHz/T is the dipolar  preak the AF symmetry and one H5,§:¢0_ Thus a marked,
contribution due to{uy;)n=xaHo (see text On approaching’y  temperature-dependent, broadening of the line is observed.
the broadening is consistent with the increasevof The inset of  The shift of the line is difficult to evidence, again consistent
pﬁ;tsf) shows an illustrative example of the spectra in the AFwith a largely dipolar origin of théTAF field. For instance at
P ’ T=350 K, in Nig oLi ¢ 1O the shift is within 0.01% foH =1

The spin-lattice relaxation times have been obtained fron¥ . With a linewidth of the order of 700 G.
the recovery of the echo signal after a sequence of saturating The shape of the line in the AF phase is related to the
pulses at the central frequency of the correspondent spepowder distribution ofh,er with respect toH,. From the
trum. Both central and satellite Ii_nes were thus_irradiated angelation p(v)ec[dh,/d(coss)]"%, with h,=|hae|lcoss one
in general the recovery of théLi echo signal is well de- would expect a rectangular shape of the line, of width
scribed by an exponential law, with no dependence on th%v=2y/(27r)|ﬁAF|. In Ni,_Li O one has to take into ac-

length of the saturating sequence. The time constant of thgy ¢ the fields experimented by Li nuclei having different
recovery is thereford,=(2W) "=, W being the relaxation ,mphers of other Li ions at the nearest-neighbai¥N) Ni
transition probability due to the time-dependent part of thegjies The probability for a given Li ion to have other Li's as

field given by Eq.(2). For very broad lines the small, fast- nearest neighbor@nd thush .-+ 0) can be evaluated as fol-

recovering part of the echo signal, related to the spectral s The probability of having Li * in a cluster of 13 sites
diffusion, was not considered and only a p@ibout 90% of is P, (2)213|Xz(1)ix)13—z/z|gk:|_3_ 2)!. Then one has to
x ! ! I

X‘;jﬁg?ﬁ:ntgkf?r:r?h;v?;efigggn'?;?eaggggrvte?iﬁ);thrzpthasrenormalize in order to reduce the estimate only to those
AF Il (see IaF:er oy the recovery was no longer describeg b ases in which one iofthe reference ones at least present:
y 9 Y P (2) = Pjs,(z+1)/[1- P}5,(0)]. The results are plotted in

an exponential law. The relevance of this changeover will bei:|g 3 for the samples at=0.05 andx=0.1. As a conse-

discussedSec. ll)) in term of spin-glass-like behavior upon e .
Iocalizatitcaln of thg holes pin-g P guence, one has a distribution of rectangular shape which

cause a NMR line consistent with the one shown in the inset
of Fig. 2. Being mostly interested in the temperature depen-
) ) dence of the sublattice magnetization to wHi?;la is propor-
In the paramagnetic phase tei NMR frequency was  tional, we will simply use the full width at half intensityH

found to be close to the one of the reference signal in theyf the 7L j spectra as a measure of the local field. In Fig. 4 the

LiCl solution, indicating that the scalar part of the ”“Cleus'temperature dependencesidfl, for x=0.05 anck=0.1, are
electron interactiofifirst term in Eq.(2)] is small. The dipo-  ghown. ’ '

lar part[second term in Eq(2)], when averaged over the

random orientation in a polycrystalline sample, yields a 7 .

broadening of the line. Througih,)«(S,)=x,Ho this C. "Li relaxation rates

broadening tracks the atomic susceptibility of the Ni?* The "Li relaxation rates are reported in Fig. 5. In the inset

ion. An order of magnitude estimate for the broadening ex-of the figure 1T, around the transition is reported in detail,

pected from the first 12 Ni* ion nearest neighbors to a showing how from the maxima the Metemperature3 ()

given Li nucleus, by using the experimental valtifeof the ~ were estimated. These temperatures coincide within the ex-

susceptibility, yieldsév=(10 kHz Ho (Ho in tesla, in  perimental errors with the ones where the onsétgfat the

agreement with the experimental resutiee Fig. 2 Li site was indicated by a marked broadening of the spectra.
Below Ty the spontaneous sublattice magnetization in-The recovery of théLi echo signal after complete saturation

duces a nonzero local field,e at the Li site. Whileh,e  in general was described by an exponential law. Around

B. “Li NMR spectra
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00— T T T (data not reported in Fig.)5probably related to diffusion of

r 1 Li * ions which induces a further relaxation mechanism. In
2500 ! T the slow-motion conditioifdiffusion frequencyy << v ), this

I contribution can be Writteﬁ'l’loc Vd/VE, implying a relax-
T ation rate which increases with increasing rate of diffusion.
l The diffusion of Li* ions has no effect at lower temperature,
7 the relaxation process being controlled by the spin fluctua-
] tions driving the time dependence in the fidﬁ(t) at the Li
site, as is proved by the maximaTq_l at the transition from
the PM to the AF phase.
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I1l. ANALYSIS OF THE DATA AND DISCUSSION

0 T T T T T v T T T T T T
00 02 04 T/T0N'6 08 10 12 In this section the results pertaining to the static quanti-
ties, such as fields at the Li site, and tHs relaxation rates
FIG. 4. Temperature dependence of the local fléigc(x,T)|,  due to the time dependence of the dipolar field are discussed.
as obtained from the widthH of the “Li NMR spectra forx=0.05 It is convenient to consider three different temperature
(A) andx=0.1 (@). The solid line represents the best-fit behavior ranges: the PM phas& &Ty); the AF phase |, where the
of the data for T/Ty=0.7 according to the lawhse|<AH  holes itinerate, which spans approximately frdm to Ty,
«(Ty—T)*". T, being the temperature at which the relaxation rates show

T=130 K, where the relaxation rates have marked maximamaXima(Fig' 5; a second AF phas@F II) will be consid-

the recovery is no longer exponential and the data reported ifr€d: @Pproximately below 250 K, where the holes are local-
Fig. 5 are the inverse of the time at which the recovery plofzed and cause a strong contribution to the relaxation rates
reduces to ¥, aroundT* =130 K.

For high temperatures, namely/=750 K, the relaxation _
rates have been noticed to increase on increasing temperature A. Paramagnetic phase

For T=T\ the extra hole is moving very fast and does not
appreciably contribute to the nuclear relaxation process. The

A" | | 1 1 v _I S'K ]
L TS ) S 1 ’Li NMR relaxation is controlled by the relatively slow dy-
1000F & A% g ' namics of NF* S=1 spins. In the limiting situation of infi-
F " nite temperature, with uncorrelated spin fluctuations, the re-
100 L A ] laxation rate can be expressed in the fotm
~ §_ Tn 3
RO G a8 ] 1 2 1
~ I & NP NN ] L _ % 22 2 =
[y 10 3 A s AAAA _§ Tl 37/ g /'LBS(S+ 1); r?Te! (3)
[ ] with
1 E—AA a) -
F T y T — T N2 3k
0 100 200 300 400 500 600 700 Te= =2 > 2\/— T (4)
T(K) We [2J7.KgzS(S+1)]
——————————T— T wherez is the number of NN spins andi,, is the effective
[ ® ] exchange interaction between NN. The exchange constants
1000 & . of the undoped system can be takenlas | — 34| K for the
: ". 3 nearest neighbors and,=202 K for the next-nearest
[ s T ] neighbors’ For an order of magnitude estimate one can limit
~ 100 | o A E the summation in Eq(3) to the NN lattice sites, at the dis-
2 s e 0 o] tance ryy=2.96 A, wheren(x)=12{1—[1—P,(0)]/12}
T - o0 ® magnetic ions are placed with,=J;(1—x)2. Then
10 E 3
: ] 1 4 1 ent
[ 242, 2
o b) =3 VIR0 o = ®)
Y 2] T3 S 20120k

' ) ' 1 ' 1 ' 1 1
0 100 200 SOOT(I‘gO 500 600 700 From Egs(4) and(5), for x=0.1 one derive§{1~=150 s1
larger than the experimental data by a factor of about 6. This

FIG. 5. 7Li NMR spin lattice relaxation rate T,=2W as a  discrepancy is consistent with the occurrence of a correlated
function of temperature in Ni,Li, O for x=0.05 (@) andx=0.1  Spin dynamics. The AF correlation leads to a sizable reduc-
(b). The inset is a blowup of the results around the transition fromtion of the relaxation rate since the filtering effect implies a
the paramagnetic to the antiferromagnetic phase and indicates hoancellation of the effective field at the critical wave vector.

Tn(X) was evaluatedsee text For a single Nf* ion missing in the cluster of the 12 NN of



11 060 M. CORTI et al. 56

T T 1.0 = T T T T
& x=0.05 o
[ ]
o x=010
a
08 | o . -
i S
Ay
06| N
[ ]
10 T ——rrrT .
0.01 0.1 1 04 . : i : . : ] |
(T-T)/Ty 0.00 0.05 0.10 0.15 0.20
x

FIG. 6. Log-log plot of the’Li NMR relaxation rate in the PM
phase of Nj_,Li,O as a function of the reduced temperature FIG. 7. Reduced N temperature=Ty(x)/Ty(0) as a func-
(T-TW)/Ty. tion of the lithium content in Ni_,Li,O (®, present work and

comparison with the one in Mg-doped Ni®pen square, solid
square (Refs. 19, 21, and 22 The solid line is the linear best-fit
behavior, yielding =1— 2.2, while the dashed line is the theoret-
ical line for simple cubic Heisenberg systems with a NN interaction
5ﬂly and the dotted line the form resulting from a crude dilution
model (see texk

a given Li* (the condition pertaining to about 40% of the
nuclei; see Fig. Bone obtains an order of magnitude Bf
close to the experimental data. Let us discuss the temperatu
dependence of théLi T, in the PM phase by referring for
simplicity to the case of an effective fluctuating field associ-
ated with a spin vacancy NN of a given Li nucleus. By As regards the doping dependence of theelNempera-
introducing collective spin componerg(t) and decay rates tures(Fig. 7) the behavior ott=Ty(x)/Ty(0) for Li-doped
I'; of the normal excitations, one can write NiO is compared with the one for Mg-doped Ni@ef. 19
and with the theoretical predictions for the simple diluted
2 Heisenberg models. Due to the hopping of the holes, the
) 6) decrease of with x is faster than the one induced by Mg. An
g analogous effect has been observed in@CaO, by Cheong

et al?Y On the other hand, the behavior pfwith x is sur-

and then relate the relaxation rate to the exchange HeiseR!isingly close to the one predicted by a crude dilution

berg frequencyw, through the magnetic correlation length Model. In a mean-field approximation, the dliéemperature
£ 16 in NiO depends only on the next-NN exchange interaction

J,, because of the cancellation of the field from the 12 NN
for symmetry reasons and one hHBgxJ,. If in the Hamil-

1 2 11 (S
. 282,22 q
T, 37 9HEs N% T

z—d+2—- N4
i: yzgzlLZL i § ! 7 tonian J,S;- S; one weights with (+x) the probability of
T, P8, wel @ having a magnetic ion at a given site, ther(1—x)? (dotted

line in Fig. 7. The agreement is probably fortuitous, also in
z is the dynamical critical exponent involved in the slowing View of the partial contradiction of the dilution model with
down of the decay rat ;= w,/(¢/2)%f(qé), while f(qé) is ~ more quantitative theoretlca; o!escrlptldﬁs. _
an homogeneous function of the fofs[ 1+ (q&)2] L. The The broadenm@H_of the 'Li NMR line on approaching
exponenty is expected around 0.2 for dimensionality of the Tn €an be analyzed in terms of the temperature dependence

systemd=3. For a critical behaviog=(T—Ty) ~* one has a of the susceptibility, sincéH« x, (Sec. Il B. Theoretically,
divergence ole’l of the form Tl’loc(T—TN)*” with the from the expression of the homogeneous static susceptibility

exponen given byn=v(z—1— 7)=y— »(3—2),  being in randomly diluted paramagneltS,one would expectsH

- e . H C T— , ly, derate i f
the critical exponent describing the divergence of the staggH OgrgX)ap[())l‘(())/a[Ching-F,EIX%IJOI”Ea?TbeOXG.a-;:?](; E;a;}z\;irg;rizae ©

gered susceptibility. The temperature dependence of the reg, T [Fig. 2] is also consistent with the experimental
laxation rate in the PM phasiig. 6) is consistent with &  ghseryation for the susceptibility in Mg-doped Ni®.

critical law with a small, littlex-dependent exponent It has On summarizing, the doping dependencesTgfand of
been shown by Spaleét al” that in the high-temperature the static susceptibility as well as of the spin lattice relax-
approximation the behavior of the homogeneous susceptibiktion rate, on the whole, appear to indicate that a dilutionlike
ity in a randomly dilute Heisenberg paramagnet is still of thepicture, with a renormalization of the Metemperature and
Curie-Weiss form, with a renormalization of the Curie con-of the Curie-Weiss constant and small corrections of the

stant C=Cy(1—x) and of the Curie-Weiss temperature critical exponents, can describe the main features deduced
On= Bﬁ(l—x). For simple cubic Ising systems with random from NMR spectra and relaxation in the paramagnetic phase
impurities, Monte Carlo calculatioffsdo not indicate a siz- of Li-doped NiO.

able change of the critical exponents and the temperature
behavior of the susceptibility is virtually independent of con-
centration. Our estimates of(Fig. 6) are consistent with the From the NMR spectra beloWy(x) one can extract the
aforementioned predictions. temperature dependence of the fiblg at the Li site result-

B. High-temperature AF phase(AF I)
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ing from the ordering of Ni* magnetic moments, as de- T T 1 L
scribed in Sec. Il. In Fig. 4 it is shown how a critical behav-
ior yielding haroc{uni)c(Ty—T)Y® can qualitatively
describe the temperature dependence of the sublattice mag- 60
netization forT/Ty(x)=0.7. Also, for the sample at=0.2, [
the resultgnot reportedlare consistent with this critical law.
The departure occurring beloW/Ty=0.7 cannot be ac-
counted for by the crossover to a mean-field behavior and it
is most likely related to the localization of the hol@wext I
section. 20
As regards the'Li relaxation rates, it is noted that in a
pure AF the temperature behavior would be quite different

70

2W (s

from the ones shown in Fig. 5. In a pure AF the spin exci- o—— T
tations driving the nuclear relaxation process are magnons, 240 260 280 300 320 340 360 380 400
corresponding to conventional underdamped spin waves. As T(K)

in CuO2° Li doping alters the spin fluctuations in a dramatic

Wag'dThT relaxatll(or:j rate .mcreases by orders cr)]f nr:agthdgtion rates in Ni_,Li,O with the theoretical predictiofsolid lineg
and displays marked maxima at a temperafifavhich is a according to the model of low-energy spin excitations driven by

function of x and of the measuring frequenay, . These pe giffusion. In the inset the best-fit values are reported.
features are due to a direct relaxation process, wiihta0

spectral density of the hyperfine field at the nucleus that, _ )
negligible in the pure AF, is enhanced by doping. The insur- Eg can be compared with the one estimated for the hop-
gence of low-energy spin excitations has to be related to &INg of polarons from resistivit§:E,=3000 K forx=0.02.
diffusionlike motion of the holes, with an effective correla- The decrease dE, on increasing, indicated by the resis-
tion time of the form tivity and by ’Li T;’s, is strong support for the hypothesis of
gaps between itinerant and localized states of cooperative
To o character, reduced by charge doping, similarly to the case of
Th= == Yexr[ Eq(x)/T], (8) lanthanum oxide&? E4 for NiO is significantly larger than in
h CuO[whereE4(x=0.03)=200 K], in qualitative agreement

n, being the fraction of itinerant holes aigy(x) the energy with the increase of the blndlng'potentlal. Furthermﬁg;s

gap between localized and itinerant staf&Bhe direct relax- remarkaplX close to the effective exchange |n.teract|o? be-

ation process is induced when the passage of the hole clod¥€€n N'Z. and the O-p hole estimated by Kuipeet al.*

to the Li site causes a disturbance in the AF matfor  AlSO the dielectric dafd for the high-temperature absorption

instance, a magnetic polarowhich locally anneals the field peaks in the Ios_s tangent can consistently be interpreted in

resulting from the undisturbed magnetic moments. terms of a hopping process of the polarons. F.rom our esti-
The features of théLi relaxation rate in the AF | region Mates ofrg andEg for x=0.1 one expects that in the mea-

are consistent with the theoretical picture outlined above, theurements at 100 kHz the peak in the loss tangent occurs

passage of the hole causing the?Ki- Ni3* fluctuations? around 21023K, (_:onS|st_ent with the observation at about 190 K

For the nuclear relaxation this corresponds to a fluctuatinde” X=0.07"" Finally, it is noted that from the valyle ofvl

dipolar field at the Li site. Starting from E¢1) and consid-  at Tm, Where according to E10) one hasry=w, *, one

ering the fieldh(rt) associated with a hole atand corre- derives for the factoe the valuee=5x10"%, if dy is as-

sponding to an effective magnetic momentg, for a cor- sumed to coincide with the Ni-Ni distance.

relation function for the diffusion process of exponential

character, the relaxation rate can be written C. AF phase Il

FIG. 8. Comparison of the experimental results fai relax-

52 ch 27, Below T,,, the hopping frequencies of the holes become
2W= E(e,uB)zfr—6(2+sinz¢9)Wr2drdQ, (9) very small (r,w >1). Measurements at different fields
v WL Th Ho=w, /7y indicate the occurrence of the slow-motion con-
wherecy, is the hole concentration. By assuming for simplic- ditions[see Eq(10)] and one can considdry as a freezing
, oh , , - By i 9 P temperature for charge fluctuations. Beldy the holes are
ity a single correlation timer, not depending om, Eq.(9)  |ocalized and changeovers in the relaxation mechanism, in
leads to the recovery laws, and in the temperature dependence of the
AF field can be expected. These effects have been evidenced
Ch 27 10 N CuO(Ref. 11 as well as in Sr-doped L&LuO0,. %
d3 1+ it (10 A variety of experimental findings indicates that in
Ni,_,Li,O the charge compensating holes are primarily on
whered,, is the distance of the minimum approach of thethe oxygen around the Li impurif§. The antiferromagnetic
hole to Li*. coupling of the oxygen hole with the Ni spin results in a
The experimental data in the AF | phagese Fig. 5have = magnetic moment, a kind of spin texture onto the AF matrix.
been fitted in the light of Eq(10) and the values of the Dielectric loss measurements show that thé tenters have
energy gaps,(x) and of 7, have been extracte@ig. 8). associated electric dipole momefts.

8
2W= ?YZ(GMB)Z
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FIG. 9. ‘Li spin lattice relaxation recoveries in piLio O at FIG. 10. Semilogarithmic plot of théLi relaxation rates in the

T==20 K as a function of the strength of the field. The recoveries ofpf || phase vsT L in the samples ak=0.01 andx=0.05, for

the echo amplitudg=[s(-) —s(t)1/s() as a function of the time  yjtferent external fields. The lines represent the theoretical behav-

t after the saturation, in zero-field-cooled and in field-cooled conyqrs predicted by Eq(10) for b=1 (monodispersive relaxation pro-
ditions, inHy=1.1 T, are the same within the experimental errors. ;ass solid lineandb= 10 (dashed ling

The dramatic increase, on cooling, of thki relaxation y? , 1 _, _,
rate (see Fig. 5is the most direct evidence that spin fluctua- 2W= 75 Ner lenb[tan (0(7,)b) ~tan™ (@ (7,)/b)].

tions still occur after charge freezing. This observation is (12
analogous to the oAR in the AF phase of Zn-doped , _ _
La,CuO,, where the spin vacancy due to t8e0 zn?* for In Fig. 10 the relaxation rates in the AF Il phase are

£ompared with this theoretical behavior. For a moderate
width of the distribution b=<10) the temperature behavior is
ot much different from the one for a simple Arrhenius-type
aw for (7,), particularly in the temperature region of fast
0f)uctuations, namelys, o <1. The average activation en-
ergy is approximatelyfE,)=1300 K and seems practically
é'ndependent of the amount of lithium, at least for small

Cu?* S=1/2 substitution induces the anomalous magneti
moment. We point out that the marked peaks in the relax
ation rate have been corroborated by muon spin relaxatio
(#SR).2" In Ni g.di 000, the depolarization rate, in the in-
ternal field at the muon site, on cooling increases by a fact
of about 1¢, with a maximum aff=130 K. Besides con-
firming our findings, this observation rules out the hypothesi o . .
that rgorientationgs of the electric dipoles around I)_/ipcan pe IS0 the effective fielthes=80 G, as derived from the maxi-
responsible for the enhancement of the relaxation ratdnyum In the re!axann_ratéwhere(rﬂ)~1/wL, see Eq.
through the interaction of the electric field gradients with the(ll)]’ IS approxmately independent at The value of the

7Li quadrupole moment. effective field corresponds to a magnetic moment of about

The temperaturd™* =130 K where the relaxation rates 0'25;“3 at the O s;fi_tel,dfon—lozl.l T. ” h . £ th
have their maxima and the activation energisse later on The magnetic field appears to affect the properties of the

do not depend on the doping amount, at least for small system of the magnetic moments superimposed on the AF

This is further support in favor of a relaxation mechanismmatrix' In fact, on varying the ex_ternal field, one S.hOl.Jld
involving the fluctuations of a local effective magnetic mo- ©PServe thes, dependence predicted by EG0), which in

- - . . the regime of extreme slowing down, namely, |7,|>1,
ment u around the Li impurity. The random spatial distri- predictsTl_locw[“, with 1<a=<2 depending on the width

bution of theue's and the character of their long-range in- ot the distribution. This dependence is not observed. The
teraction via the AF matrix are features common t0 Spifgiscrepancy could be due to a field-dependent phase dia-
glass systems. The freezing of the spin fluctuations can bgram ' rather common situation in disordered magnets with
heuristically described by a correlation function fog(t) of competing interactions and/or spin anisotroﬁﬂegn the
exponential character, with a distribution of correlation timecontrary, the lack of a field dependence indicative of the
p(7,) accounting for the spin-lattice recovery in the form of slow motion condition forT<T* and the fact thaf* is
a stretched exponentiéffig. 9). Then the’Li relaxation rate Jittle, if any, x dependent are in favor of a real phase transi-
can be written tion to an ordered state. On the other hand no modification in
the linewidth has been detectedTdt and also the stretched
Y 5 27, exponential recovery is a condition typical of a spin glass
2W= 7heﬁf P(7)—5 5 d7,, (1) state rather than of a phase transition. Further work is in
ItoiT, progress through susceptibility andSR measurements to

wherehg is an effective amplitude of the fluctuating field. A clarify this interesting point

possible form of distribution of, is the one corresponding IV. SUMMARIZING REMARKS AND CONCLUSIONS

to a rectangular distribution in the activation energies, thus

yielding 7, ranging from (7,)/b to (7,)b, with (7,) By means of a thorough analysis Gfi NMR spectra and
xex(ExMT]. Therf® spin-lattice relaxation in Ni,Li O, the effects of charge
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doping in antiferromagneti&=1 NiO have been studied. In has been considered a signature of localization of the holes.
the paramagnetic phase the spin vacancies at the lattice p the temperature region below the localization, a new
sitions where Li" S=0 substitutes Nit S=1 break the source of spin excitations has been evidenced. Thiere-
symmetry of the AF correlated spin fluctuations. Thus thelaxation rates increase by three orders of magnitude on cool-
enhancement and slowing down of the fluctuations cause &9, with marked maxima at a temperatdre. The strength
time-dependent field at the Li site, yielding a divergence inof the maxima, as well a6*, does not depend on the amount
the relaxation rate when the Bletemperature is approached Of doping, at least for smaX, supporting a picture of a local
from above. This divergence turns out to be described by &€laxation mechanism. The stretched exponential form of the
small (=0.2) critical exponent, little dependent and in gen- €Covery law suggests a distribution of correlation timgs
eral agreement with the main aspects of a randomly dilutedor the fluctuations of the extra magnetic moments Mea-
Heisenberg paramagnet. From the relaxation rates and froftrements of muon depolarization rates confirm an extreme
the broadening of the NMR spectra, the doping dependenc@owing down of the spin fluctuations and also rule out any
of the Neel temperature has been derived, up to the doping©ssible role of the electric dipoles around the' Limpuri-
amountx=0.20 where the cubic AF structure of NiO is still ties in driving the relaxation process through the time-
preserved. Fox<0.1 one had y(x)=Ty(0)[1—2.2]. The dependent quadrupolar interaction. From the fitting of the
reduction ofTy, with doping appears faster than for homova- temperature dependence &fi relaxation rates the average
lent substitutions as in other charge-doped AF’s, the hoppingctivation energy for the reorientation of the's tums out

of the holes being strongly effective in destroying the long-{Ea)=1300 K, again practically independentof The am--
range order. plitude of the fluctuating field is around 80 G, corresponding

In the AF phase the hole itinerancy involves the spin dy-t0 an effective magnetic moment of about Q25at the Li-O
namics of the ordered Ri magnetic moments and induces distance. Belowl'* the relaxation rate decreases by several
a shift of the spectral distribution of the magnetic excitationsorders of magnitude on cooling. In principle this could be
towards low energies. Then tHéi relaxation rates, instead elated either to a phase transition to an ordered state with a
of being driven by magnons scattering as in pure AF’s, ardeal nonzero local or_der parameter or to an extreme s_Iowmg
controlled by the fluctuations in the hyperfine field when thedown of the magnetic moments. Measurements at different
passage of the hole locally forms a singlet and anneals th@agnetic fields do not clarify this point. The relaxation rates
order in the N?* magnetic moments. A correlation time of belowT* are almost field independent, as expected for a real
the form 7,cexgE4(X)/T] can be introducedg, being the phase transition to an ordered state. However, no modifica-
gap from localized to itinerant states. Thus in the AF | phasdion of the width of the broad NMR spectra is detected below
the relaxation rate exhibits maxima &=T,,, when ;1 1", consistent with{ue)#0 and then with a spin glass state.
reaches the radio-frequency range. The strength of thed this case our findings indicate that the external field af-
maxima isx dependent, as well as the temperaflige The  T€Cts the properties of this spin glass state.
gapsEy(x) have been estimated and turn out to be larger
than in other TMO’s and decreasing when the doping is in- ACKNOWLEDGMENTS
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