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'Cu nuclear quadrupole resonance (NQR), nuclear antiferromagnetic resonance (AFNMR), and

spin-lattice relaxation, as well as Li NMR and relaxation measurements in CuO and in Cul Li„O, are

used to study the spin dynamics in the paramagnetic and in the antiferromagnetic (AF) phase, and in

particular the effects induced by lithium doping. It is argued that Li enters in CuO lattice up to a doping

x around 4%, from a comparison of the electric-field gradient (EFG) and of the dipolar field at the nu-

cleus with theoretical estimates, it appears that Li+ is slightly displaced from the Cu lattice site. From

NQR, NMR, and AFNMR spectra, information on the Cu hyperfine interaction and the EFG are de-

rived. The Neel temperature T& is affected by Li doping to a moderate extent, decreasing from 226 K in

CuO to T& =183 K for x =3.7%. The relaxation rates, driven by the time-dependent part of the mag-

netic electron-nucleus Hamiltonians, indicate that the Cu + spin dynamics is almost unaffected by Li

doping for T))T& and possibly controlled by valence fluctuations. The Li doping modifies in a dramat-

ic way the spin fluctuations in the AF phase. The relaxation rates in Cu, Li„O, in fact, increase by or-

ders of magnitude (similarly to the case of copper-oxide precursors of high-T, superconductors) and

display temperature behaviors quite different from those in CuO. These effects are associated with an

effective low-frequency spectral density of the spin fluctuations negligible in CuO, which strongly in-

creases upon Li doping. This increase is related to the fluctuations induced in the local Cu + spin

configuration as a consequence of the diffusionlike motion of the holes in the AF matrix, implying the in-

surgence of low-frequency spin excitations. The orders of magnitude of the relaxation rates, their depen-

dences on x and on T, as well as on the measuring frequency, are satisfactorily explained by a picture in

which the correlation time wz for the hole-hopping motion is controlled by an energy gap E(x) between

localized and itinerant states. Quantitative information on r„and E (x) is thus derived.

I. INTRODUCTION

One of the most debated issues in the field of high-T,
superconductivity is the role of the Cu + correlated spin
dynamics in the CuOz planes of the oxide superconduc-
tors. This fact has stimulated several recent studies of
the static and dynamic magnetic properties of bulk
CuO. This compound crystallizes in a monoclinic
phase, with the Cu atom coordinated with four coplanar
oxygens forming an almost rectangular parallelogram.
The oxygen is coordinated with four Cu's to form a dis-
torted tetrahedron. The lattice constants are a=4.68 A,
b=3.42 A, and c=5.13 A, with the angle P=99.54. In
terms of magnetic properties, the CuO structure can be
viewed as consisting of chains along the [101] direction,
with a Cu-0-Cu angle of 145', giving rise to a quasi-one-
dimensional (1D) superexchange coupling. The Cu-0-Cu
bond angle in the other directions, in fact, is near to 90
and this should lead to smaller exchange interactions.

CuO presents many magnetic and electronic properties
similar to those of undoped copper oxides, such as
La2CuO4. It is considered a Mott-Hubbard insulator
with a gap of the charge-transfer type, and the antiferro-
magnetic (AF) long-range order sets in below a transition
temperature T& around 230 K. From T& down to
about 212 K the magnetic phase is incommen-
surate, while below this temperature a commensurate
phase is formed with characteristic wave vector
qAF=0. 5a*,0, —0.5c . ' ' The uniform magnetic sus-
ceptibility displays a broad maximum around 540 K, a
feature typical of low dimensional systems. Magneti-

zation and specific-heat measurements' ' also indicate
low dimensional correlations of the AF interactions.

A very interesting aspect of CuO is the possibility of
doping with Li, without aA'ecting the oxygen
stoichiometry. Magnetic-susceptibility measurements in
a sample with l%%uo of Li have been reported. " The pre-
cise localization of Li is under debate. In this paper it
will be shown that Li+ can actually be incorporated in
the unit cell up to an extent of doping around 4%, and
indirect evidence will be given that Li+ substitutes a
Cu ion, taking a position slightly displaced from the
Cu lattice site. The charge unbalancement due to the
hetero valent substitution is expected to induce extra
holes in the Cu-O band, a feature equivalent to the Ba or
Sr substitution for La in La2Cu04. As will be discussed
later on, the transition temperature is slightly aA'ected by
Li doping and the Cu + spin dynamics in the paramag-
netic (P) phase appears to retain most of the essential as-
pects occurring in pure CuO. On the contrary, in the AF
phase a relevant eA'ect of the charge defect on the Cu +

spin excitations is observed.
Cu nuclear quadrupole resonance (NQR) measure-

ments in pure CuO have been reported, providing the es-
timate of the electric-field gradient (EFG) and informa-
tion on the spin dynamics in the P phase. ' ' Cu nu-
clear resonance in the AF phase yielded the evaluation of
the hyperfine field and of the EFCs tensor at the Cu nu-
cleus, at 4.2 K. ' The complete assignment of the Cu
EFG tensor has been obtained in the P phase from
NMR-NQR experiments on a single crystal. '

This paper reports a thorough NQR-NMR study of
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CuO and Cu& Li O carried out in the temperature
range 3.5 —370 K by means of Cu and Li resonances.
The main purpose has been to achieve insights on the
correlated spin dynamics and on the eftects related to the
charge doping of the AF matrix, particularly in the light
of the correspondent situation occurring in high-T, su-
perconductors. The paper is organized as follows: Sec.
II deals with the experimental aspects and presents the
experimental results of static character, such as Cu
NQR quadrupole coupling constant, Li NMR spectra in
the P phase as well as Cu AFNMR and Li NMR in the
AF phases. Then the data pertaining to the Cu spin
dynamics, namely Cu NQR and Li NMR relaxation
rates in both P and AF phases are presented. Section III
is devoted to the analysis of the experimental results in
terms of the EFG's, magnetic fields, transition tempera-
tures, and their x dependences. Emphasis is given to the
interpretation of the relaxation rates in terms of spin ex-
citations and to the e6'ects of Li+ doping on the Cu +

correlated spin dynamics. Summarizing remarks and
conclusions are presented in Sec. IV.

II. KXPKRIMKNTALS AND KXPKRIMKNTAL RESULTS

A. Samples

CuO was prepared by sintering in oxygen liow for 24 h
at 950'C 5N powder. The samples were then cooled at
room temperature in oxygen atmosphere through succes-
sive temperature steps, in about 10 h. Thermogra-
vimetric analysis showed a stoichiometric ratio of Cu:O
equal to one, within the sensitivity of the technique. Ox-
ygen deficient samples CuO, with x ~0.95 were also
prepared, by heating in high vacuum. Li-doped samples
were prepared in the same way by adding 5X pure LizO
in the proper stoichiometry to the CuO powder. '

From Li NMR spectra and from the recovery laws of
the relaxation process (see details later on) the Li content
could be determined. It turned out that phase segrega-
tion occurred from Li percent x ~4%%uo. Samples with
nominally higher Li content appeared to have no more
than that amount incorporated in the CuO matrix.

B. NQR and NMR general aspects

Cu NQR and the 7Li NMR measurements have

been carried out by means of a Bruker MSL200 spec-
trometer with a high-power unit allowing a radio fre-

quency (rf) field H, of amplitude around 100 G. The

temperature range of the measurements was 3.5 —370 K,
with thermal stability within a tenth of a degree. Li
NMR spectra have been obtained by Fourier transform-

ing half of the echo signal following the quadrupolar echo
pulse sequence (~/2)„—w —(a~/2), ~/2 corresponding

to the pulse length maximizing the signal in a solution of
LiC1. In view of the small quadrupole coupling constant
the spread of the Li NMR frequency due to the angular
dependent quadrupole perturbation is smaller than the
radio frequency spectral distribution. Thus, in practice,
both the central ( —,

' ~—
—,
' ) and the two satellites

(+—', —&+—,') lines are irradiated. The signal, in fact, was

maximized by a pulse length equal to the one in the LiCl
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FICx. l. (a) Copper NQR spectrum, obtained from the ampli-

tude of the quadrupolar echo on sweeping the irradiation fre-

quency, in CuQ 97L10 030, at T= 300 K (the lines are guides to the
eye). The spectrum is remarkably broader (5F~H, ——1 MHz)
than the one in pure Cu0 (5&~»—-80 KHz). (b) Cu AFNMR
spectrum of the central (2 ~——') line in the AF phase of
CUQ 97LiQ 030, at T=77 K. In pure Cu0 this resonance occurs
practically at the same frequency, with linewidth 6F~«-300
KHz.

solution, where the static quadrupole interaction is aver-
aged to zero. For a=2 the quadrupolar echo sequence is
expected to generate an echo from the central line (which
is broadened by second-order quadrupole eA'ects and oth-
er magnetic mechanisms). For a = 1 the satellites transi-
tions, broadened by first-order quadrupole interaction,
are also refocused in the echo. The spectrum, in fact,
showed a strong central line, broadened mainly by mag-
netic interactions and two less intense shoulders of the sa-
tellite lines spread by the quadrupolar interaction. Below
T& the Li NMR line shows a further broadening due to
the dipolar field from Cu + spins.

Cu resonance was detected in the pure NQR regime
in the P phase and in the quadrupole perturbed NMR re-
gime in the internal AF field (AFNMR) below T&. The

Cu NQR spectra have been obtained through the ampli-
tude of the quadrupolar echo on sweeping the irradiation
frequency, with H& at moderate level. Even in pure CuO
no free-induction decay was observable, consistently with
a width of the NQR line around 80 KHz, a feature com-
mon to most NQR lines in the magnetic cuprates and
possibly related to a distribution of EFG's due to strains
and defects. Upon Li doping the copper NQR line shows
a further marked broadening, with a linewidth [full width
half intensity (FWHI)] around 1 MHz. The typical Cu
NQR spectrum for Li content of 3%%uo is shown in Fig.
1(a).

In the AF phase the hyperfine field at the Cu nucleus is
11.7 T, as derived by Tsuda et al. ' Figure l(b) shows
the Cu quadrupole perturbed AFNMR spectrum ob-
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C. Spectra and fields

The temperature dependence of the Cu NQR fre-
quency in the P phase, for pure CuO and for Li-doped
CuO, is shown in Fig. 2. For pure CuO, from the center
of the Cu line the resonance frequency vz can be es-
timated with an error of about +10 KHz. For I =—', one
has

VR ++3/2 +1/2 VQ(
2 1/2 (2)

g being the asymmetry parameter. From the analysis of
the quadrupole perturbed NMR spectra at 295 K one has
2)=0.26. ' The extra broadening of the Cu NQR lines

tained in CuQ 9'7LiQ Q30 for the ( —,
' ~—

—,
'

) transition.
Some extra broadening of the line occurs also in this case
(in pure CuO the FWHI is around 300 KHz).

The nuclear-spin-lattice relaxation measurements have
been carried out from the recovery of the echo signal
after a sequence of saturating pulses at the central fre-
quency of the correspondent spectrum. For the Cu
NQR relaxation the saturation was obtained with a few rf
pulses, separated by a time much longer than the spin-
spin dephasing time T2. No contribution from fast spin-
diffusion process was observed in the recovery at short
times, indicating saturation of the full line. The recovery
is well described by a single exponential law, yielding
T, ' =68', 8' being the relaxation rate associated with
the time dependence of the magnetic Hamiltonian. A re-
laxation process driven by the magnetic mechanism was
supported by the comparison of the relaxation rates for
the Cu and Cu isotopes, which scale with the square
of the correspondent gyromagnetic ratios. A possible dis-
tinct behavior in the NQR response for those Cu nuclei
having an immediate Li neighbor in the doped samples
was not resolved as separate line. On the other hand, the
occurrence of a common spin temperature is expected to
induce a recovery process described by a single exponen-
tial.

Below T&, in the AFNMR regime, the Cu Zeeman
levels are perturbed by the static quadrupole interaction
and the recovery of the central line is no longer described
by an exponential law. From the solution of the master
equations one obtains for the recovery law

s ( ~ ) —s ( t ) —12 wi. + ~

1
~ —2 w)

s(ee )

with the constant c depending on the duration 6 of the
saturation sequence. For b, ((W ' (fast saturation of
the central line only) c=0.9. For b, ))8' the equilibri-
um initial populations of the levels lead to c=0.6. Both
the experimental conditions of fast and long saturation
were often used, yielding consistent results and a more
precise evaluation of 8'. For pure CuO at low tempera-
tures, due to the extremely long T„only the condition of
fast saturation was used.

In the Li NMR relaxation measurements, all the lines
are practically irradiated and the recovery is well de-
scribed by a single exponential law, with no dependence
on the length of the saturating sequence. The time con-
stant of the recovery is T, = (2 W')
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FIG. 2. 'Cu NQR frequency in pure CuO (open circles
present work, closed circles data from Ref. 13) and in Li-doped
CuO (only representative points, squares Li content 3%%uo, stars
3.7%%ug) in the paramagnetic phases. The large error for the Li-
doped samples refiects the broadening of the line [see Fig. 1(a)].

in the doped samples [see Fig. 1(a)] causes a large error in
the evaluation of v~. However, an increase of about 400
KHz can be detected. The Cu NQR measurements
could not be extended very close to T& due to a remark-
able decrease of T2, which becomes around 3 ps for
T= T~+1 K.

The Cu AFNMR frequencies were found consistent
to the ones obtained by Tsuda et al. ' in pure CuO. The
temperature behavior of these frequencies has been re-
ported' and it is consistent with the findings through
neutron scattering and p+ spin resonance (@+SR). The

Cu AFNMR frequencies do not exhibit remarkable
modifications upon Li doping, indicating that the
hyperfine field is practically unaffected.

The Li NMR spectra above T& show a small,
temperature-independent shift of about 20 ppm with
respect to a solution of LiC1. The temperature indepen-
dence of the shift suggests the absence of a transferred
hyperfine interaction at the Li site, consistent with a
negligible overlap of the Li electronic states with the Cu
3d and/or O 2p orbitals. It can be recalled that the dipo-
lar field due to the Cu + ions yields zero shift in a
powdered sample.

The shape of the Li NMR spectra is related to the an-
gular distribution of the frame of reference of the princi-
pal axis of the EFG tensor at the Li site with respect to
the magnetic field H, . By diagonalizing the Hamiltonian

yL, A'I H—Q+eQIVI (3)

for different orientations of H0 with respect to the EFG
V, the spectra can be computationally reproduced fairly
well. The comparison with the simulated spectra (Fig. 3)
indicates for the Li quadrupole coupling constant, a
value close to 100 KHz, while g=0.98.

Below T& the Li NMR line shows a sizeable broaden-
ing (Fig. 4), again with no detectable shift and consistent
with the dipolar origin of the field hL; at the Li nucleus.
The line shape can be obtained by considering the powder
distribution of hL; with respect to H0 and one finds a rec-
tangular shape of width 2g~h~. The comparison of the
simulated Li NMR spectrum with the experimental one
at T=25 K, yields for the dipolar field ~hL;~ =500+50 G.
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FIG. 3. Comparison of the simulated (left) Li NMR quadru-
pole perturbed spectrum with the experimental one (right), in
the paramagnetic phase ( T=295 K) of Cuo 97Lio o30. The simu-

lated spectrum corresponds to Ho =1.8 T and to an EFG tensor
at Li nuclei characterized by g=0.98 and v& =100 KHz.

D. Relaxation rates
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FIG. 5. 3Cu NQR relaxation rates as a function of tempera-

ture in the paramagnetic phases of Cu& Li„O.

The Cu NQR relaxation rates 6W in the P phases of
Cui Li 0 are reported in Fig. 5. The spin-spin relaxa-
tion time T2 was occasionally measured and found short-
er than T, by a factor of about 10, for T)&T~. The
T, /T2 ratio increases by a factor of about 2 on ap-
proaching T&. The Cu relaxation rates in the samples of
CuO„, with x up to 0.95, were found independent on the
oxygen stoichiometry.

In Fig. 6 the Li relaxation rates as a function of tem-
perature, for two samples of Cu, Li 0 are shown. It
should be remarked that the peak at high temperatures
marks the Neel temperature (see later on), in agreement
with the disappearing of the Cu NQR signal. No effect of
the external magnetic field on T& seems to be present,
since specific-heat measurements show a peak at about
the same temperatures. The Neel temperatures are re-
ported in Table I. The marked peaks observed in 28' in
the AF phases are related to the role of the charge defects
as will be discussed in detail later on.

The Cu AFNMR relaxation rates in the AF phases as
a function of Li content, at T=77 K and T=4.2 K, are
shown in Fig. 7. A remarkable finding is the marked in-
crease of 28'with x.
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FIG. 6. 'Li NMR spin lattice relaxation rate 2 W in

Cu& „Li 0 as a function of temperature for x=0.03 (open cir-
cles) and x =0.02 (full circles).
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FIG. 4. 'Li NMR spectrum in the AF phase of the 3% Li-
doped CuO sample, at T=25 K. The resonance line is
broadened by the dipolar interaction, while no detectable shift
is present.
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2 ) line in the AF phases of Cul Li 0 as a function of

Li content, at T=77 K (open circles) and at T=4.2 K (full cir-
cles).
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TABLE I. Transition temperature from the P to the AF
phase in Cui, Li, 0, as a function of x, as obtained from a com-

bination of Li NMR relaxation rate and specific-heat measure-

ments.

0.00
0.02
0.03
0.037

T~ (K.)

226+1
205+1
191.5+0.5
183+1

III. ANALYSIS OF THE DATA AND DISCUSSION

In this section the results pertaining to static quanti-
ties, such as EFG's and internal magnetic fields, and their
dependence on temperature and Li content are discussed
(Sec. III A). In Sec. III B the relaxation rates for Cu and
Li, which are related to the time-dependent part of the
magnetic nucleus-electron Hamiltonians, are analyzed in
terms of spin dynamics and their x and T dependences in
the AF phase will be discussed in some more detail.

A. Magnetic fields and EFG's

The temperature dependence of Cu quadrupole cou-
pling constant in the P phase (Fig. 2) shows two major
features: v& increases with temperature and has a rather
marked minimum on approaching T&.

The principal axes z of the EFG tensor is nearly nor-
mal to the plane of the four coplanar oxygens' ' and
V„originates from two terms:

calcu oval + chionzz zz zz (4)

the former being the term from 3d Cu valence electrons,
while the latter is the contribution from the ionic charge
distribution. It has been suggested' ' that V,"," is nega-
tive (corresponding to v&"= —23.6 MHz, for an an-
tishielding factor y„=—7.6). Then V," is positive and
it should correspond to a value for v&' around 44 MHz.
Some covalency in the Cu-0 bondings has also been in-
ferred. ' ' The increase of v& with temperature is likely
to track a decrease of V,",", a rather usual effect from lat-
tice anharmonicity.

The broadening of the Cu NQR line upon doping can
result from the random effects on EFG's due to Li+ ions.
The increase of v& in Cu, Li 0 with respect to CuO is
likely to be related either to the charge unbalancement
due to the extra holes which decreases V,"," (similarly to
what is observed in high-temperature superconductors' )

or to the change in the occupation of the 3d orbitals
through V," possibly as a result of internal pressure. '

The decrease of v& for T~ T& is similar to the one ex-
pected when a structural transition is approached and the
mean-square value of the fluctuating critical variable in-
creases. Thus it could indicate that the P-AF transition
is accompanied by Auctuations of the electronic
configuration. In fact, x-ray photoelectron spectroscopy
shows that valence charge fluctuations, with strong
electron-phonon coupling, occur in CuO. ' A more de-
tailed analysis of this effect is prevented by the loss of the

NQR signal close to Tz.
As pointed out in Sec. II, an indirect estimate of the

EFG at the Li site can be obtained from the quadrupole
perturbed NMR spectrum. If Li occupies Cu site, the
value of V„ for Li should correspond to V,"," for Cu,
after scaling with the ratio of the antishielding factors
and of the quadrupole moments. Thus

Li
QL;(v~);=(v&") „=300KHz,

(1—
X ")Qc.

and g=0.26 having used y "=—7.6 y '=0 23

QL; =0.03 barn, Qc„=0.21 barn, and ( v&")c„=23.6
MHz. Although the result obtained in the light of Eq.
(3) (v&-—100 KHz and g=0.98) should be taken with
some caution, the discrepancy with the estimates in Eq.
(5), especially for the asymmetry parameter, can be taken
as an indication that Li+ occupies a position somewhat
displaced from the Cu site in the unit cell

Another indication on the location of the Li+ could
come from the field at the nucleus in the AF phase. We
carried out a standard lattice sum hL;= g~ 2)J.SJ, 2)~ be-

ing the dipolar coupling tensor of the Cu spin S, in the
assumption that pc„=0.65p~ and for the 3D ordered
magnetic structure indicated by neutron scattering.
Several positions in the unit cell were scanned and at
least two sites [Cu lattice site and (0,—„0) site] yielded
values of ~hL;~ close to the experimental one. The (0,—',0)
site can be ruled out, since in this case the EFG would be
an order of magnitude larger than the experimental one.
Therefore, only a conclusion of qualitative value can be
extracted from Li NMR spectra: Li enters in a position
somewhat displaced from the Cu lattice site, replacing
the Cu + ion. A search of the Li position by means of
neutron scattering did not yield conclusive results in view
of the small content of Li. It should be remarked that
the exact location of the Li ion is not of direct relevance
for the interpretation of the relaxation rates in terms of
Cu + low-energy spin excitations (see later on).

For the magnetic field at the Cu nucleus one can refer
to a hyperfine Hamiltonian of the form

&=IA S+I Q X;S;,

with an on-site coupling tensor A. and an isotropic
transferred hyperfine interaction with the 12 adjacent
Cu + spins S;. The interspin dipolar contribution should
be negligible. From symmetry arguments the transferred
hyperfine tensors can be grouped in only four indepen-
dent X,

The magnetic hyperfine tensor at the Cu nucleus in
CuO has been derived from paramagnetic shift measure-
ments in the powder above T&. ' The principal axis of
the shift tensor are close to the ones for the EFG and the
components of the hyperfine tensor at the Cu nucleus
have been estimated: 4, "= —146+10 KOe/ps and
gc" @cu 15+15 KOe/p&.

In the AF phase the 3D ordered Cu moments are
aligned along the [010] direction and tilted by nearly 30
from the z axes of the hyperfine coupling tensor. The
field at the Cu nucleus is 117 KG, at T=4.2 K. A de-
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2

W= J(h+(0)h (t))e dt (7)

where h+ are the transverse components of the effective
magnetic field at the nucleus with respect to the quantiza-
tion axis. For Li NMR relaxation the quantization axis
is given by the external magnetic field. For Cu NQR
relaxation above T~ the quantization axis is the z axis of
the EFG, while below T& the combination of the EFG
and of the internal magnetic field should be considered.

Let us first discuss the Cu and Li relaxation rates for
T))T~, where one has 8'=600 s ' and 8 =2 s
(see Figs. 5 and 6 and Refs. 12 and 13 for pure CuO). In
the infinite temperature limit the Cu + spins are uncorre-
lated and from Eq. (7), by considering that co+ is much
smaller than the characteristic fluctuation frequency rp,
one can write

1221W(~)= —y h~4 'r, (8)

By using for the effective field (hi")
=[(hc")2+(hc")2]=220.10 G, ' the experimental
value for Cu is given by Eq. (8) in correspondence to
I O=4. 10' rad/s. This frequency is smaller than the ex-
change frequency

co, =[8nS(S+1)]' J/Pi=10' rad/s,

when evaluated for a superexchange constant J=460 K
(Ref. 9) and for a number of nearest-neighbor magnetic
ions n=2. One should first note the large uncertainty in
the transverse components of the effective field (15+15
KOe/p~). However, if Eq. (8) is used for Li W by tak-
ing for h~ the value estimated from a lattice dipolar sum
one obtains I p=2. 5X10' rad/s, in substantial agree-
ment with the estimate from W(~) and still yielding a
value for I p much smaller than co, .

A possible explanation of this discrepancy is that at
T=350 K the Cu + spins are already strongly correlated.
For correlated spin dynamics the field components in Eq.
(7) have to be related to the collective spin operators
Sq(t). This brings in the correlation function for the nor-
mal excitation at wave vector q, thus expressing 8' in
terms of the generalized susceptibility g (q, co„) or
equivalently in terms of the static structure factor ~S ~

and of the collective spin-fiuctuation frequency I
For rq ))co& in the assumption of spin isotropy, one has

tailed study of the hyperfine tensor in the AF phase has
been carried out recently through AFNMR experiments
on CuO single crystals. ' The hyperfine tensor in the AF
phase differs from the one in the P phase simply by a sca-
lar factor related to the difference in the orientations of
the neighboring magnetic ions, through the second term
in Eq. (6).

B. Relaxation rates, spin Auctuations, and e6'ects of Li+

1. Paramagnetic phase

The relaxation transition probability 8 associated with
the time-dependent part of the magnetic nucleus-electron
Hamiltonian can be written

2
W= ~ KTQ(h')'y, (q, 0)&,'(~~)

(2~) q

)S ['
=4+&(h" r

q q

(9)

where (h~) "=Ai+g;e''%; for 3Cu, while for 7Li
(h~)"'=g;e'q'2), , 2); being the dipolar coupling ten-
sor 24

By resorting to conventional scaling arguments for the
q dependence, ' Eq. (9) becomes

O'= I,
1

r p —z+d —2
05

(10)

where for Cu h,z is given by the transverse component of
the field at the nucleus measured in the ordered
phase, '"' while for Li, in view of the dipolar Hamiltoni-
an (which involves also the longitudinal fiuctuations), h, '
should be close to the total amplitude of the dipolar field.
In Eq. (10) g is the magnetic correlation length (in lattice
units) and z the dynamical critical exponent; d is the lat-
tice dimensionality, while I og has the meaning of a
damping constant for overdamped paramagnons.

By comparing Eq. (8) with Eq. (10) one sees that I o is
decreased by a factor around g ', which can be size-
able in CuO, where at 234 K one has g= 150 A along
the [101] direction and /=30 A along the [101] direc-
tion.

In the temperature range from 270 up to 500 K (data
not reported in Fig. 5) the Cu W is almost constant. A
temperature independence of the relaxation rate can
hardly be fitted by Eq. (10) by using for g(T) the form
suggested by S =

—,
' models for Heisenberg systems at re-

stricted dimensionality. ' This is surprising, since in
1D and 2D Heisenberg AF's a satisfactory agreement
with the predictions from theoretical models is usually
found. ' One could argue that another mechanism,
rather than thermal Auctuations, drives the Cu + spin
dynamics in the high-temperature range. A possible can-
didate is the mechanism of valence Auctuations between
Cu + 3d and Cu+ 3d' states, with the hole being
transferred to the oxygen. ' Then Eq. (8) should basical-
ly hold and I p would correspond to the frequency of
valence fluctuations. One should remark that an effective
frequency I p-—3.2 X 10' rad/s is also indicated by inelas-
tic neutron scattering. '

On approaching T~ the relaxation rates show a
marked increase (see Figs. 5 and 6), with a relaxation
mechanism that appears unrelated to the extent of doping
(Fig. 8). The maximum in W marks the transition to the
ordered state, provided that the spin-fluctuation frequen-
cies I remain larger than co~, as it is usually the case.
The P-AF transition should be related either to the cou-
pling between Cu-O-Cu chains or to anisotropy factors
breaking the rotational invariance of the Heisenberg
spins, noticeably the XY exchange anisotropy. The
crossover to an XY-like system can be expected to occur
when the reduced anisotropy (gpzM~/nJS)g„„, is
around 1. For n=2 and if one uses for the anisotropy
field Hz the value Hz =900 Cx, this condition implies
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coupling arises because of the polarization related to the
electron-nucleus hyperfine interaction. This contribu-
tion involves the coupling of nuclei within a distance of
the order of g and can be related to the real part of the
generalized susceptibility. Since the hyperfine Hamiltoni-
an for the planar Cu in the high-T, superconductors is
similar to Eq. (6) one can expect that a similar contribu-
tion to the transverse relaxation rate can exist in CuO. In
this case, besides the transverse relaxation rate analogous
to 8' one has to include a nuclear spin-spin coupling
that, to a good approximation yields a term proportional
to the magnetic correlation length.

FIG. 8. 'Cu NQR relaxation rates in Cu, „Li 0 vs the nor-
malized temperature T/T&. The symbols are the same as in
Fig. 5.

$„„,=57 lattice units, which is not far from the experi-
mental value for j along the [101] direction. One
should remark that also the dipolar field at the Cu nu-
cleus ( =500 G) is sizeable enough to drive a crossover to-
wards an Ising-like behavior. In favor of a crossover to-
wards an XY system there is the analogy with the relaxa-
tion rates measured for T = T~ in VC1~. ' A sudden in-
crease in 8'is observed, while the P-AF transition in this
system is believed to involve a Kosterlitz-Thouless mech-
anism.

In the transition region the relaxation rate expected on
the basis of Eq. (10) should behave as W~(T —Tz)
with a critical exponent n depending on the dimensionali-
ty, the exponent z and the critical temperature depen-
dence of g. ' For the sake of illustration in Fig. 9, the
temperature behavior of the Cu NQR relaxation rates is
compared to a critical one, by assuming for T& the values
derived from Li measurements (Table I). A critical ex-
ponent n =0.5 does not appear unrealistic, although the
uncertainties in T& and the narrow temperature range
make this kind of analysis rather uncertain.

Finally, a brief mention about the rapid divergence of
the Cu spin-spin dephasing time T2 for T~ T~ is in or-
der. It has been pointed out, in high-T, superconductors,
that an extra contribution to the Cu nuclear spin-spin

10.0—

2. Antiferromagnetic phase

with x =Ac@ /KT and co&=(b, +c q )'~ . In CuO, b,

can be estimated around 14 K (see Sec. III B). Thus for
T )20 K one can write Eq. (11) in the approximate form

2 3

2hz 2 35m T
(2') 6',

(12a)

First we will briefly discuss the case of pure CuO.
Then the effect of the Li ions in the AF phases will be
addressed by considering in detail the behavior of the

Cu and Li relaxation rates in Cu1 „Li„O.
In the low-temperature range (T (&T&) CuO is a 3D

antiferromagnet with anisotropy in the static susceptibili-
ty and in the magnon spin waves. ' To discuss the nu-
clear relaxation one has to take into account the presence
of a gap in the spin wave spectrum, given by
b, =gps+2H„H, „,h/fi. Since h))ro„, the gap prevents
the relaxation driven by a direct process, in which a nu-
clear spin Aip is accompanied by emission or absorption
of a quantum lattice excitation of energy Ace~. The
effective relaxation mechanism is the Raman two-magnon
process. ' In order to derive a relaxation rate to be
used for order of magnitude comparisons in CuO in the
limit T—+0, we will refer to the 3D isotropic AF with a
single superexchange interaction, by using for the
effective field of the hyperfine interaction the transverse
component ~ht ~

=49 KG, with a quantization axis form-

ing an angle e =30' with the direction of the S spin align-
ment (see Sec. III A). Then, for the two-magnon process,
one has

3
2 z 4stnu KT y~ xdx

V (2~)3', Rru, rt zrcT e

9.5—
O
(D
K

CO

9.0—

while for T((b one has

W= 2h~ 2 35 T
(2~) ~, T,„,h

3
—Ah/KT

KT
(12b)
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FIG. 9. 'Cu NQR relaxation rates for T~ T~ as a function
of 1n[T/(T —TJv)]. The solid line corresponds to a critical ex-
ponent n = 2. The symbols are the same as in Fig. 5.

The temperature dependence of our data for Cu 8' in
CuO for T ~ 77 K, which are in good agreement with re-
cent measurements by Tsuda, Ohno, and Yasuoka, is
satisfactorily described by Eqs. (12). As regards the abso-
lute value, Eq. (12a), by using cu, =10' rad/s (see Sec.
IIIB1) and T,„,h=460 K, yields W=SXIO s ', at
T=77 K. The large discrepancy with the experimental
result, W =6 X 10 ' s ' (Fig. 7), can be due to a break-
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1 ~SF ~SF
J(q, co) =

2
+2' (~—~ ) +I „(~+m ) +I (13)

where I sF heuristically describes the relaxational dynam-
ics, while co =(b, +c q )'~ . Although Eq. (13) might
be an oversimplification, it has been conveniently used in
the interpretation of neutron scattering in disordered 2D
AF 38, 39

From Eq. (13), by integrating over q for co —+0 one

down of the small q approximation and/or to the anisot-
ropy in the spin excitations, as already noticed. How-
ever, an approximate estimate of 8' by taking into ac-
count two different superexchange constants (namely one
along the [101] direction and one along the [101] direc-
tion) gives a relaxation rate of the same order of magni-
tude of the one estimated from Eq. (12a). At T=4.2 K
one measures W=2. 4X10 s ' (see Fig. 7) and Eq.
(12b) yields &=10 s ', indicating that for T~O the
theoretical predictions fit better the experimental result.
In the light of the subsequent discussion on the effects of
charge defects on the spin dynamics, one should also take
into consideration the possibility of nonperfect oxygen
stoichiometry in nominally pure CuO, causing an extra
contribution to the relaxation in the temperature range
15—100 K (see later on).

The drastic decrease of the Cu relaxation rates at low
temperatures with respect to the ones in the PA phase
can be interpreted in terms of an effective spectral density
J,s.(co~0)=1/Xg J(q, co~0) becoming negligible in
the rf range when the excitations are AF spin waves in
the presence of a gap. A striking experimental finding is
that the 8 s in the AF phase increase by orders of magni-
tude upon Li doping, corresponding to a marked increase
of J,tr (see Fig. 7). An analogous effect has been noticed
in comparing the Cu 8' in CuO with the ones in
YBa2Cu506 and La2Cu04.

To discuss the spin dynamics in the AF phase of
Cu& Li 0 let us first recall that at finite temperature
( T ( T& ) the excitations in 2D S =

—,
' AF's exhibit

relevant modifications with respect to the conventional
spin-wave spectrum of a 3D ordered AF. In fact, low-

energy ( ( 15 meV) neutron scattering in La2Cu04 shows
that the spin fluctuations for q =qAF are characterized by
a relaxational correlation function, with a quasielastic
peak of width AI around 4 meV in the q-integrated spec-
tral density. , For T=T~ propagating spin waves can
exist only in short-range ordered regions of size g, namely
for wave vectors larger than g '. The experimental
findings correspond to regions of magnetization density
short-range ordered in space which relax with a time
scale related to g

The possible occurrence of a central component in the
spectral density having this origin should be considered
in the AF phase of Cu& Li 0, since the presence of
charge and spin Li+ defects can cause "boundary" disor-
dering effects overdamping the spin waves or, equivalent-
ly, inducing a relaxational dynamics of short-range or-
dered AF "islands" of correlated Cu + spins. To discuss
these effects it is convenient to model the collective spec-
tral density J(q, co) in the form

derives

I" „ I +6 +IJ ln
2 I sF I sw 6'+r', „

(14)

having indicated with I sw=cq (q =sr/a, maximum
wave vector) a typical spin-wave frequency. For an order
of magnitude estimate one can use AI s~=hcq =65
meV for the magnon dispersion curve along the (O,q, O) in
CuO. I sF is hardly derived by neutron scattering be-
cause of resolution limits. A value in the meV range is in-
dicated and it is reasonable, also in view of the similari-
ties with La2Cuo~. Then, from Eq. (14) one obtains
J,&

——2 X 10 ' rad/s, a factor of 50 larger than
J,z=(6X10 /co, )(T/T, „,h) expected from Eq. (12a),
at T=77 K, and leading to a value of 8 in satisfactory
agreement with the experimental data in CuO. It can
also be noted that for over damped, nonpropagating
Paramagnons I sw must be taken of the order of I sF and
Eq. (14) gives the form of the relaxation rates used in the
P phase, with a q-integrated frequency becoming the
equivalent of I s~ [see Sec. III B].

Thus it seems possible to conclude that even in nomi-
nally pure CuO, at least for T ~ 77 K, a sizeable contribu-
tion to the Cu relaxation comes from the direct process
through a central component in the spectrum of the exci-
tations. Now we are going to discuss in more details the
x and T dependence of this central component in
Cu] „Li„O.

From Fig. 7 one sees that upon Li doping the effective
spectral density grows approximately as J,z ~ exp(x /x*),
with x *=6 X 10, at T=77 K. Such a dramatic insur-
gence cannot be justified in terms of usual impurity
effects in conventional AF systems where much larger
amounts of impurities are necessary to induce apprecia-
ble modifications and the effect on the spectral density is
moderate and spatially limited. As regards the temper-
ature dependence, while in pure Cu0 one has a continu-
ous decrease of 8' on decreasing temperature, in
Cu, Li„O a marked increase of W is present below
T=80 K. The spin-spin relaxation time becomes so
short that the Cu signal is lost in a temperature range
from about 15—50 K (data not reported in the figures).
An enhancement of the relaxation rate analogous to the
one reported here for Cu& „Li 0 has been noted in com-
paring the Cu 8 in AF CuO with the ones in the AF
phases of LazCu04 and YBazCu306, as already men-
tioned. A large low-energy spectrum of spin excitations
has been inferred also in YBa2Cu306, from the tempera-
ture dependence of the Cu(2) AFNMR frequency. '

One could attempt an interpretation of the tempera-
ture behavior of 8 s in Cu, Li„0 on the basis of the ex-
pected slowing down of I sz(x, T) for T~O, a maximum
in 8' occurring when I sF reaches the radio frequency
range. An inspection to Eq. (14) rules out this possibility,
since a decrease of I sF reduces J,~. In the light of the ar-
guments underlying Eq. (14), the decrease of J,s. is the
consequence of the decreasing number of modes contrib-
uting to the central component when I s„ is reduced. To
explain the presence of a sizeable amount of spin excita-
tions in the MHz range one has to look for an extra
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mechanism leading to a quasielastic central peak in the
spectral density. The difference between the quasielastic
peak and the contribution from spin waves at finite q and
co has been discussed in the interpretation of the
neutron-scattering cross section of the "disordered" 2D
AF La2Cu04 for T close to T&.

3. Low energ-y spin excitations from mobile holes

A strong central component in J,~ can reAect the in-
surgence of low-energy spin excitations when mobile
holes are induced in an AF matrix. In particular, it has
been shown in the framework of the t-J model that a
mobile spin vacancy in an AF matrix (as the one resulting
from the Zhang-Rice singlet in the AF precursors of
high-T, superconductors) can allow a spin fiip at zero en-
ergy cost when a simultaneous hopping of the vacancy it-
self occurs. On the other hand it has been proven by
means of K-edge x-ray-absorption spectroscopy that in
Ni, Li 0, and most likely in Cu& Li 0 also, the holes
compensating the lithium charge are located primarily in

02p states, as occurs for instance in Sr-doped La2Cu04.
Mobile defects, namely extended but localized regions of
"disturbed" spins, are we11 known in low dimensional
magnetic systems, where they have been considered as
solitons, skyrmions, magnetic polarons, etc. For in-
stance, the critical broadening of electron paramagnetic
resonance (EPR) line in 2D AF's could be explained by
mobile 2D solitons. The temperature behavior of ' La
NQR relaxation rates in La~ Sr Cu04 has been justified
through a picture of mobile charge defects locally dis-
turbing a given spin configuration. The correlation
length is expected to be limited by the concentration x,
namely g = 1/x ' ~, and a relationship of the form
go-1/&x has been found in 2D La2 „Sr,Cu04 by neu-
tron scattering. " '

In order to describe the contribution to the spectral
density J,& from the holes induced in the Cu-O band by
the heterovalent substitution, in the AF phase, it is con-
venient to refer first to the Li NMR relaxation. In this
case, in fact, the strong external field represents the fixed

quantization axis and defines the Zeeman eigenstates,
while the fluctuations in the local Cu + spin
configuration act on Li nuclei through the relatively
small dipolar interaction. Therefore the ordinary weak-
collisions approach and time-dependent perturbation
theory can be used. A simple description can be given by
considering the dipolar magnetic field h, (t, r) at the Li
site due to the ith hole. On the basis of the similarity
with the relaxation due to diffusing charges we assume
an exponential isotropic correlation function, with a
characteristic correlation time r(r) given by
r(r) =(r/b) rh, where b is an average lattice step and rh
is the average diffusion" time of the hole. ~z describes
the loss of correlation of the local AF configuration and it
is related to the fraction of mobile defects nh(x, T).
can be interpreted as the mean time interval between con-
secutive passages of the hole at a given site. Then
~& ——wo/n&, ~o being of the order of the exchange fre-
quency, consistently with the t-J model. In a similar pic-
ture the time for the annealing of a local spin
configuration has been written ~a =1/Aa "a ~a being the
bandwidth.

By using for h the magnetic field describing the dipolar
interaction and considering also the time dependence due
to the precessional frequencies of the electronic spins,
one can write Eq. (7) in the form

2

W — A' y, 9 a,Jii(coL )+ Ji(a), )
V 4

ao+ Ji(co, ) chr dr dQ, ,

with ao=(1 —3cos 9) /r, a, =sin Ocos 9/r, and
a2 = sin 0/r, c& being the hole concentration. The4 6

damping in the precessional motions of the electron spin
due to the disorder allows one to shift the spectral densi-
ties J's for the field h in Eq. (15) to coL . By taking into ac-
count that uo —

—,
' r, o,'&= —,', r, and c72= —,', r one ob-

tains

y q 109 ct 2r(r)
dm r I+co H(r)

ci, d +2coL rt, d —2kd +2k=3/10y (agcy) 2 ri, ~1+ ln +2tanb2d 8b d +2kd +2k
2kd

2k —d

cg '1/2coL 'rt, coL 1 h 1/2cilL 1 p, + 1=3/10y (apc )
q

'rI ' +
4+2 coL 1h + 1/ 2coL 'rp, + 1

+2coL 7
p,+2tan '

I —mL,
(16)

where k =b /+2cot ri„while in the last term of the equa-
tion the minimum distance of approach of the hole to the
Li ion d has been assumed equal to the average lattice
step b. In Eq. (16), a is a constant of the order of some
units which accounts for the extended character of the

magnetic polaron induced by the hole.
According to Eq. (16), a maximum in the relaxation

rate occurs for ~&
——~L . Utilizing this condition we can

test the validity of our picture by comparing the theoreti-
cal estimate of W „at T=T „with the experimental
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3 2 2 2 +h h8'= ya p (17)

data. By using in Eq. (16), pc„=0.69pz, b=3 A, and for
the hole concentration c& =1.5 X 10 ' cm (correspon-
dent to x =0.03) for Cuo 97Lio o30, one obtains
28,„=3.2a s ', consistent with the experimental data
for a =2—3 (see Fig. 6). This order of magnitude agree-
ment is a strong support to the hypothesis of the Cu +

spin fIuctuations controlled by the diffusion of holes in
the CuO band. Another confirmation comes from the
frequency dependence of the relaxation rates (see later
on).

Let us first consider Eq. (16) in the temperature range
where the condition of fast modulations can be used,
namely ~h &&coL ', col being the Larmor angular frequen-
cy for Li in the external field. In practice this condition
corresponds to T ~ T „=70 K for x =0.02 and to
T) T,„=35 K for x=0.03 (see Fig. 6). Then Eq. (17)
becomes

10 I

o x =0.03
x =0.02

1

10

Q

A~
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2 3
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FIG. 10. Comparison of the Li NMR relaxation rates in the
AF phase of Cu

&
Li 0 (see Fig. 6) with the theoretical

behaviors. The solid lines are the best fits for fast fluctuations
and yield E(x). The dotted lines represent 8' in the slow Auc-
tuations regime (coL~& ))1) for a monodispersive diffusionlike
process.

and insights on the x and T dependence of ~h can be ob-
tained from the experimental results for 8'. By indicat-
ing with E =E(x) the energy gap from localized to
itinerant states, the fraction of delocalized mobile holes
can be written nz(x, T) =nh(x, ~ )e '"'~ . Then one has

E(x)/T
+h

nh x (18)

An effective correlation time ~h of the form given in
Eq. (18) was found ' to justify the divergence, on cool-
ing, of the ' La NQR relaxation rates in La2, Sr„Cu04,
for 0.02 ~ x ~ 0.05 and for T not too close to T~. (On ap-
proaching the transition to the ordered state a change-
over in the T dependence of 8' has been more recently
detected; ' furthermore, for x ~0.02 the phase diagram
in La2 „Sr CuO4 shows first the P-AF transition fol-
lowed by a reentrant transition to a spin-glass phase, de-
pending also from the oxygen stoichiometry. ~2)

One would expect that the mobile holes play some role
in the electrical conductivity, at least for certain ranges of
x and T. We are aware of only few resistivity measure-
ments in Cui Li O. A drastic increase of the conduc-
tivity actually occurs upon Li doping and an effective ac-
tivation energy is x dependent, as one would qualitatively
expect in the light of the aforernented arguments.

In Fig. 10 the Li relaxation rates are analyzed in the
light of the behavior theoretically expected from Eqs. (17)
and (18) in the condition of fast fiuctuations, for
T ~ T, . The experimental results are rather well fitted,
yielding E(x =0.03)=200 K and E(x=0.02)=310 K.
These values support the hypothesis of a gap between lo-
calized and itinerant states strongly decreased by charge
doping, similarly to the case of lanthanum oxydes.

Finally, a comment on the results for 8'below T „is
in order. For T ~ 70 K in the 2%%uo-doped sample and for
T~ 34 K in the 3% sample the diffusion of the holes is

characterized by rh longer than coL
' (slow fiuctuations re-

gime). In the hypothesis of a single effective correlation
time, from Eq. (16) in the limit (rzcoL ) ))1 one would
expect &~col rI,

' (see the dotted lines in Fig. 10). A
departure of the experimental data from the behavior
correspondent to a monodispersive diffusionlike process
seems to occur in the lowest temperature range. In disor-
dered systems a distribution of correlation times and
correlation functions of the stretched exponential type
are common aspects. For moderate disorder, i.e., x
small, the behavior of the relaxation rates takes a form
similar to the one in Fig. 10, with an apparent mono-
dispersive side for T )T „and a departure below.

A decisive test for the validity of our picture is the fre-
quency dependence of Li O'. In spite of the reduced sen-
sitivity, reliable measurements of Li 8' could be carried
out in CuQ 97LiQ Q30 in a field reduced to HQ =17 K G,
corresponding to vL =28 MHz. As shown in Fig. 11, for
this frequency the maximum in 8'is shifted some degrees
below the one for vl =97.5 MHz. Furthermore
W,„(vI =28 MHz) is greater than W', „(vI =97.5
MHz) by a factor=3. 46 very close to the value 3.48 ex-
pected in the light of Eq. (16).

As regards the Cu relaxation in the AF phase of
Cu, „Li 0, the relevant difference with respect to the
case of Li is that for the Cu nucleus the passage of the
spin polaron alters the local quantization axes. This cor-
responds to a "strong-collisions" effect, in which one has
a sudden motion of the Zeeman eigenstates. A theoreti-
cal description of the relaxation process driven by this
mechanism is dificult and beyond the purpose of this pa-
per. Qualitatively one can say that in the fast motions re-
gimes arne y ~h +~AFNMR the occurrence of many
events during a Larrnor period should still allow one to
apply a time-dependent perturbation approach and equa-
tions similar to the ones for Li relaxation should be ap-
plicable. Since the strength of the perturbation is much
larger than the one for Li, the correspondent relaxation
process for Cu is much more effective (by a factor of the
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FIG. 11. Comparison of Li relaxation rates in CuQ 97LiQ Q30
for two measuring frequencies vL. The solid lines correspond to
the theoretical forms according to Eqs. (16) and (18) of the text,
for E(0.03)=200 K as obtained from the slope of 8' vs 100/T
(see Fig. 10) in the fast fluctuations regime.

From a variety of Cu and Li nuclear-magnetic-
resonance and relaxation measurements, enlightening in-
sights into the internal magnetic fields and EFG's and
into the Cu + spin dynamics in Cui Li 0 have been
obtained, in the paramagnetic and in the antiferromag-
netic phases.

From the fields measured at the Cu and at the Li nuclei
it was found that Li+ can enter in CuO to an extent of
about 4%%uo, while for larger amounts phase segregation
occurs. The comparison of the values of the fields and of
the EFG-'s with the ones estimated from lattice sums sup-
ports the hypothesis that Li replaces a Cu + ion, taking a
position close to the one of Cu + itself.

The substitution of Li+ for Cu + increases the nuclear
quadrupole coupling constant v& of Cu, either because
of the charge unbalancement or of the change in the oc-
cupation of the 3d orbitals. On approaching T& in the
paramagnetic phase, a dip in v& is detected, somewhat
indicative of Auctuations in the electronic configurations.

The Neel temperature is changed by Li doping to a
moderate extent, being reduced from T&=226+1 K in
pure CuO to T& =183+1 K in CUQ 963LiQ Q370.

The Li and Cu relaxation rates are driven by the
time dependence of the magnetic hyperfine Hamiltonians
and allowed us to extract information on the Cu spin
dynamics. In the paramagnetic phase of Cu, Li 0 the

order of the square of the ratio of effective fields, namely
about 10 ). This description breaks down when the con-
dition of slow motions is progressively approached. For

AFNMR by aPPlying general arguments one
could say that the relaxation time is of the order of the
correlation time itself, 8'=~& '. The lack of the Cu
AFNMR signal in Cu 1 Li„O in the temperature range
15—55 K is consistent with the above considerations. At
lower temperatures the Cu AFNMR signal is again
detectable, since ~ becomes 1onger, corresponding to the
progressive localization of the holes, according to Eq.
(18).

IV. SUMMARIZING REMARKS

Cu + spin Auctuations are almost unaffected by Li dop-
ing: The relaxation rates 8'in the I' phases are practical-
ly x independent and reAect the strong correlation of the
Cu ions. For T))T~ the results for 8 suggest that
the spin dynamics is possibly related to the valence Auc-
tuations, as suggested by x-ray photoelectron spectrosco-
py. For T/T&-—1, a crossover to an XY-like anisotropic
Heisenberg or to an Ising-like behavior in the spin Auc-
tuations appears to drive the transition to the 3D ordered
state.

In the AF phase the ordered Cu magnetic moments are
aligned parallel to the [010] direction and tilted by nearly
30' from the z axis of the hyperfine coupling tensor,
which differs from the one in the I' phase only by a scalar
factor related to the difference in the orientations of the
neighboring magnetic ions.

In pure CuO, in the low-temperature range, the dom-
inant relaxation mechanism is the Raman two-magnon
process, corresponding to almost underdamped spin
waves in conventional antiferromagnets. The Li doping
has been found to alter the Cu + spin fluctuations in a
dramatic way in the AF phase. In fact, the Cu 8'in
Cui Li„O increases by several orders of magnitude
with respect to CuO, analogous to the case of copper ox-
ide precursors of high-T, superconductors. Further-
more, both Cu and Li 8 s display temperature
behaviors very different from the one in pure CuO, with a
marked maximum at a temperature T „, which is a
function of x and of the measuring frequency vI . These
effects can be discussed in terms of a spectral density J,ff
in the rf range, which is negligible in pure CuO and
strongly increased in Cui „Li O. Two possible sources
of this enhancement have been considered, namely
boundary disordering effects on the spin waves and the
diffusion of local disturbance of the AF matrix (spin-
polaron) induced by the heterovalent substitution. The x
and T behaviors of 8 s rule out a sizeable contribution to
J,s(co~0) related to the boundary disordering effects on
AF spin waves. On the contrary a satisfactory descrip-
tion of the Cu spin dynamics in the AF phase of
Cui Li O has been obtained by considering the insur-
gence of low-energy spin excitations related to the
diffusion of the holes. A simple picture, based on the idea
of a fluctuating dipolar field h(r, t) indirectly generated at
the Li site by the hole, has been given. In this way J,ff
has been related to a correlation time of the form
rh ~ (co,„,hnl, )

' ~ e '"', E(x) being the energy gap
from localized to itinerant states. The orders of magni-
tude, x and T dependence of the relaxation rates are satis-
factorily explained by this picture. In particular, it has
been shown that the correlation time for the hole be-
comes ~I,

——10 s at about T=70 K in CuQ 98LiQ Q20 and
at T=34 K in CuQ 97LiQ Q30, and that the energy gap is of
the form E(x) =6/x K. By varying the measuring fre-
quency the Li relaxation rates are modified in a way
quantitatively consistent with the overall picture and
with the numerical estimates.

Finally, we remark that because of the frequency range
these findings are hard to obtain by other techniques such
as neutron scattering and that the results derived in this
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work for Li-doped CuO should be of strong interest also
in view of the similarities with the AF's precursors of
high- T, superconductors.
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