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Electronic crossover in the normal state of YBa2Cu4O8

A. Suter, M. Mali, J. Roos, and D. Brinkmann
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~Received 24 February 1997!

By performing nuclear magnetic resonance~NMR! and nuclear quadrupole resonance~NQR!, respectively,
with Cu, O, and Y isotopes in the normal state of the high-temperature superconductor YBa2Cu4O8, we have
found the following major results:~i! The Y, Cu, and O shift data support, for planes and chains, the validity
of the ‘‘single-spin fluid model.’’~ii ! AroundT†5180 K, ‘‘anomalies’’ in the temperature behavior of several
NMR/NQR quantities have been detected.~iii ! The anomalies do not arise from a structural phase transition;
instead they reflect an electronic crossover which involves enhanced charge fluctuations in planes and chains
accompanied by a charge~hole! transfer from chain to plane.~iv! As a possible mechanism of the crossover,
a charge-density-wave instability is proposed.@S0163-1829~97!07533-4#
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I. INTRODUCTION

The microscopic description of the electronic state, and
particular of the quasiparticles, of the normal conduct
phase of high-temperature superconductors is still a matte
debate. It is commonly agreed that an understanding of
normal state is a prerequisite for the elucidation of the sup
conductivity mechanism. A typical question, not yet satisf
torily answered, concerns the origin of the spin pseudoga
underdoped cuprate superconductors. Thus, any additi
information concerning the electronic state of the norm
phase can be helpful.

In this paper, we will report on the detection of ‘‘anom
lies’’ which are displayed in the temperature dependence
several nuclear magnetic resonance~NMR! and nuclear
quadrupole resonance~NQR! quantities measured in the no
mal state of YBa2Cu4O8. We will provide evidence that the
anomalies do not arise from a structural phase transit
instead they are the fingerprint of an electronic crosso
which involves an enhanced charge fluctuation in planes
chains accompanied by a charge~hole! transfer from chain to
plane. As a possible mechanism of the crossover we
propose a charge-density-wave instability.

The paper is organized as follows. The next section w
review the NMR-NQR background necessary to underst
results and discussion. Section III will provide some info
mation on the experimental techniques including the cha
terization of the sample. In Sec. IV we present and anal
our data, followed by a discussion in Sec. V and a summ
in Sec. VI.

II. THEORY

A nuclear spin interacts with its electronic environme
through electric and magnetic hyperfine couplings.1 In the
presence of an applied magnetic fieldB0, the Hamiltonian of
a nuclear spinI having a quadrupole momenteQ can be
written as
560163-1829/97/56~9!/5542~10!/$10.00
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H5HZeeman1Hquadrupole1Hhyperfine ~1!

with

HZeeman52gn\B0~ I zcosu1I ysinusinf1I xsinucosf!,
~2!

Hquadrupole5
eQVzz

4I ~2I 21!F3I z
22I21

h

2
~ I 1

2 1I 2
2 !G , ~3!

and

Hhyperfine5gn\S (
j

I–A j•Sj1I–O–L D . ~4!

Here,Vaa(a5x,y,z) denote the principle components of th
electric-field-gradient~EFG! tensorV, with the axes labeled
according to the conventionuVxxu<uVyyu<uVzzu. The asym-
metry parameter ofV, h, is defined ash5(Vxx2Vyy)/Vzz,
hP@0,1#. For a particular site,x,y,z are chosen as the ref
erences in Eqs.~1!–~4!. In all Y-Ba-Cu-O compounds, due
to symmetry, one permutation of thex,y,z set coincides with
the orthorhombica, b, andc crystal axes.u and f are the
polar and azimuth angles, respectively, ofB0 in this crystal
frame.Sj is the electron-spin operator at the copper sitej and
A j is its spin hyperfine tensor, the sum overj includes only
on-site copper and its first neighbors.L is the electron orbital
angular momentum andO is its on-site orbital hyperfine ten
sor.gn is the nuclear gyromagnetic ratio.

In our NMR experiments,B0 is large and hence
Hquadrupole!HZeeman. As a result, for each isotope and ea
site, the NMR signal is split into a central line arising fro

the central transition, (1 1
2 ,2 1

2 ), and into satellite lines. The
63,65Cu nuclei (I 53/2) produce two satellites arising from

the (6 1
2 ,6 3

2 ) transitions, while the17O signal (I 55/2) con-
5542 © 1997 The American Physical Society
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56 5543ELECTRONIC CROSSOVER IN THE NORMAL STATE OF . . .
tains, in addition, two outer satellites due to the (6 3
2 ,6 5

2 )
transitions. For89Y ( I 51/2), there is no quadrupole splittin
because for spin-half nucleieQ50. Finally, theHhyperfine
term causes a magnetic shift of each line.

If we setB0 5 0, Hquadrupolegives rise to doubly degen
erate energy levels between which NQR transitions can
induced. For the63,65Cu nuclei, a single NQR signal at fre
quency

63,65nQ5
e63,65QVzz

2h
A11

1

3
h2 ~5!

is observed.
In the NMR experiments, themagneticcoupling between

the nuclear spin and its electronic environment as expre
by theHhyperfine Hamiltonian, ~4! can be viewed as a cou
pling of the nuclear spin with a time-dependent local ma
netic hyperfine fieldHL , generated by the electron spin an
the electron orbital motion. The static part ofHL gives rise to
a NMR line shift expressed by themagnetic shift tensorK ,
whose components, in thex,y,z reference frame, can be de
composed in a spin and an orbital part:

Kaa~T!5Kaa
spin~T!1Kaa

orbit . ~6!

The spin part of the magnetic shift is usually called t
Knight shift. In the high-Tc compounds,Korbit is predomi-
nantly temperature independent, whereas the tempera
dependentK spin is expected to vanish in the superconducti
state due to singlet spin pairing.

Each part of theK tensor can be expressed by the resp
tive hyperfine interaction tensor and the static electronic s
ceptibility as

Kaa
spin5

1

gmB
(

j
~Aj !aa~x j !aa , ~7!

Kaa
orbit5

1

mB
Oaaxaa

orbit . ~8!

The fluctuating part ofHL is the source of the nuclear-spin
lattice relaxation. In the case of high-Tc compounds, the
main contribution to the copper, oxygen and yttrium sp
lattice relaxation stems from the electron-spin fluctuatio
After Moriya,2 this contribution is related to the imaginar
part of the dynamical spin susceptibility,x(q,v0), and the
‘‘relaxation rate per temperature unit,’’ (T1T)21, is given by

S 1

T1TD
a

5
gn

2kB

2mB
2 (

q,a8Þa

Fa8~q!
xa8a8

9 ~q,v0!

v0
, ~9!

where

Fa~q!5U(
j

Aj ,aaexp~ iq•r j !U2

.

Here,v0 is the nuclear resonance frequency,a denotes the
direction of quantization, i.e., the direction ofVzz in NQR
and ofB0 in NMR experiments, anda8 is the direction per-
pendicular toa. Aj is the on-site (r j50) and transferred
(r jÞ0) hyperfine coupling tensor for the nuclei under co
sideration. Thus, (T1T)21 provides information about theq
e

ed

-

re-

-
s-

-
.

-

averaged imaginary part ofx(q,v0). For convenience, we
quite often will use the abbreviation 2W51/T1.

In case that there would also be fluctuating field gradie
at the Larmor frequency,v0, additional terms would appea
in Eq. ~9!.3 This terms are usually negligible in high
temperature superconductors.

For the particular case where the hyperfine Hamilton
~4! is approximated by the Mila-Rice Hamiltonian,4 the form
factorsFa(q) for the different sites are given by4,5

63Fab,c~q!5$Aab,c12B@cos~qxa!1cos~qyb!#%2, ~10!

17Fa~q!5cos2~qxa/2!@Caa12Caa8 cos~qyb!#2

1cos2~qyb/2!@Caa12Caa8 cos~qxa!#2,

~11!

89Fa~q!5F8DaacosS qxa

2 D cosS qyb

2 D cosS qzc8

2 D G2

.

~12!

Here,Aab,c is the direct on-site coupling of the63,65Cu nuclei
to the Cu21 spin andB is the strength of the transferre
hyperfine coupling of the63,65Cu nuclear spin to the fou
nearest-neighbor Cu21 spins. Caa and Caa8 are the trans-
ferred hyperfine coupling of the17O nuclear spin to its
nearest- and next-nearest neighbor Cu21 spins, respectively.
The Caa8 term was not included in the original Mila-Ric
Hamiltonian.4 Finally, Daa is the coupling of the 89Y
nuclear spin to its nearest-neighbor Cu21 spins andc8 de-
notes the distance between nearest CuO2 planes.

In the phenomenological Millis-Monien-Pines mode6

one includes, in addition to the normal Fermi-liquid cont
bution to the spin-lattice relaxation, strong antiferromagne
fluctuations which lead to the anomalous behavior of
spin-lattice relaxation in high-temperature superconduct
In this modelx9(q,v) is given by

lim
v→0

x9~q,v!5
px0\v

G F11b
j4

@11~q2QAF!2j2#2G
~13!

or

lim
v→0

x9~q,v!5
px0\v

G
@11bj4exp„2~q2QAF!2j2

…#,

~14!

where j is the slightly temperature-dependent correlati
length of the antiferromagnetic fluctuations andb is a mea-
sure for the relative strength of these fluctuations.x0 is de-
fined as the static uniform spin susceptibility,G is an energy
scale, andQAF is the antiferromagnetic wave vector.

III. EXPERIMENTAL

The YBa2Cu4O8 samples investigated in this work wer
prepared by the solid-state reaction technique which is
scribed in detail elsewhere.7 One sample is the same one w
used in previous63,65Cu and17O NMR/NQR experiments.8,9

For oxygen NMR experiments, only17O, which possesse
a nuclear spin, is suitable. Since the17O abundance is only
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0.037%, it is necessary to prepare17O-enriched samples.
The ceramic pellets of YBa2Cu4O8 were synthesized from

a mixture of prereacted YBa2Cu3O7 and CuO under an O2
pressure of 400 bars. After a reaction time of 20 h a
temperature of 1040 °C, the YBa2Cu4O8 material was cooled
down to room temperature at a cooling rate of 2 °C/min. T
sample was then charged into an Al2O3 crucible and subse
quently placed in a quartz-pyrex reaction chamber to wh
the 17O container was connected. After evacuation of
whole setup to a pressure of 1023 mbar, the break seal wa
fractured and17O gas was allowed to enter the reacti
chamber where a pressure of nearly 1 bar was reached.
17O annealing took place at a temperature of 810 °C
500 h.

X-ray-diffraction measurements detected the presenc
small amounts of CuO and high-pressure Ba-cuprate as
purity phases. dc magnetization experiments at 14
showed a clear decrease of the susceptibility at 81 K an
Meissner fraction of 36%.

In order to study the anisotropic properties of t
YBa2Cu4O8 compound, the Cu and O NMR experimen
were carried out on ac-axis-oriented powder. The magnet
orienting of the powder, described in Ref. 10, produced
sample with a high degree ofc-axis alignment of the grains
whereasa andb axes remained randomly distributed.

The NQR and NMR experiments were performed by
ing standard pulse spectrometers. The NMR data were ta
in a field of 8.9945 T. The resonance signals were obtai
by a phase alternating add-subtract spin echo technique s
lar to that one described in Ref. 11. The spectra were
tained by Fourier transformation of the spin-echo. In all o
experiments, we used very intense radio frequency pu
with optimal p/2-pulse lengths of 1.6ms or less, except for
89Y NMR were the pulse length was'12 ms.

The nuclear-spin-lattice relaxation rate, (1/T1)a , of 89Y
was measured by recording the spin-echo intensity a
seven saturation pulses. In order to improve the signal
noise ratio, the Carr-Purcell-Meiboom-Gill pulse sequenc12

was applied with an accumulation of up to 16 spin-ec
signals.

(1/T1)a of the plane oxygen, O~2,3!, was measured by th
inversion recovery sequence. In case of (1/T1)c , the magne-
tization recovery was measured on the first upper satel
For B'c measurements, however, the powder pattern p
duced by the random alignment in theab plane creates a
complication which was evaded by using a method propo
by Martindaleet al.13,14

For the chain oxygen, O~4!, (1/T1)c was obtained in the
following way. Using an Ohmic-damped resonance circ
we saturated simultaneously all the17O(4) lines which have
a maximum separation of about 230 kHz. Given this init
condition, the recovery of the magnetization follows a sin
exponential and it is obtained by integrating the individu
lines after Fourier transformation. In order to check whet
we really saturated all the lines, we also analyzed each
by itself, which yielded the same (1/T1)c .

The NQR copper experiments where performed using
Ohmic-damped resonant circuit in order to ensure that
irradiated the whole line. The spectra were obtained by F
rier transformation of the spin echo. 1/T1

NQR for the chain
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copper, 63Cu(1), was measured by the inversion recove
sequence.

IV. RESULTS AND ANALYSIS

A. Yttrium

Figure 1 shows, for two different field directions, the tem
perature dependence of the yttrium frequency shift89Ka
relative to the resonance in a YCl3 solution. The signals are
fairly narrow, with symmetric line shape and of a typic
width ~full width at half height! of 1.2 kHz which is almost
temperature independent. Our data agree with results
ported by other authors.15,16

Previously, we had measured, in the very same sam
the oxygen shift8 17Ka at the plane oxygen site O~2,3! and
the copper shift9 65Ka at the plane copper site Cu~2!. The
oxygen data have been supplemented by additional meas
ments. As shown in Fig. 2, the Cu and O shifts depend
early on 89Kc which implies the same temperature depe
dence. Hence, because of Eq.~6!, 89Kspin is linearly related
to 17Kspin and 65Kspin, respectively.

Taking the oxygen and copper orbital contributions fro
our previous analyses of the same sample8,9

17Kc
orb520.00760.01% and65Kab

orb50.2860.02%, we cal-
culated the yttrium orbital shifts as89Kc

orb5170615 ppm

FIG. 1. 89Y frequency shift in YBa2Cu4O8.
89Kc,ab shift for

ci B0 (89Kc) andc'B0 (89Kc).

FIG. 2. 89Y frequency shift plotted against17O~2,3! shift and
65Cu~2! shift, respectively.17O~2,3! data are from Ref. 865Cu~2!
data from Ref. 9.
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and 89Kab
orb5175615 ppm, which agree with results o

other authors.15–18 In this way we obtained the temperatu
dependence of89Kc

spin.
The temperature dependence of the89Y spin-lattice relax-

ation rate per temperature unit,89Wa /T, is shown in Fig. 3
for two different field directions. We notice a rate anisotrop
defined as89(Wab /Wc), which is temperature independen
Its value, 1.3560.1, coincides almost with the square of t
anisotropy of the hyperfine coupling constan
(Dc

21Dab
2 )/(2Dab

2 )51.19 ~Ref. 15!.
If the so-called Korringa relation would hold for yttrium

one would expect thatT1T(Kspin)25k(\/4pkB)(ge /gn)2,
where k51 for the free-electron model an
(\/4pkB)(ge /gn)251.131024 ~K s! for 89Y. Figure 4
shows, for the yttrium site, the temperature dependenc
both @T1TKspin#c and @T1T(Kspin)2#c . Obviously, only the
@T1T(Kspin)2#c data are nearly temperature independent t
demonstrating an almost Korringa-like behavior for the
trium site withk.3.5.

A further check whether the Korringa relation hold
without knowing the orbital shift, is provided by the inset
Fig. 4 where we have plotted (T1T)21 and (T1T)21/2 versus
the measured total magnetic shiftKc . Although both plots
reveal a linear relationship, it isonly the (T1T)21/2 plot that
yields, when extrapolated to zero temperature, that is
(T1T)21/250, an orbital shift which agrees, within exper

FIG. 3. Temperature dependence of89Wc,ab /T for field direc-
tions ci B0 (89Wc /T) andc'B0 (89Wab /T).

FIG. 4. Temperature dependence of@T1TKspin#c and
@T1T(Kspin)2#c at the yttrium site. In the inset, (T1T)21 and
(T1T)21/2 are plotted against the measured total magnetic shiftKc .
,

,
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mental errors, with the value 170615 ppm we calculated
above. Our result that the Korringa relation holds quite w
for the Y site contrasts with the statement of Dupreeet al.16

B. Oxygen

1. Plane oxygen

Figure 5 shows the spin-lattice relaxation rate per te
perature unit of the plane oxygen nuclei O~2,3! for three
orientations of the magnetic field.17Wc /T ~with B0ic) was
measured at the first satellite on the high-frequency side
the spectrum@the (23/2,21/2) transition# to ensure that
only signals of the O~2,3! sites were detected.17Wi /T and
17W' /T refer to rates measured with the magnetic field p
pendicular toc and either parallel or perpendicular to th
Cu~2!-O bond axis. These rates were obtained by a met
proposed by Martindale et al.13,14 using either the
(25/2,23/2) or (3/2,5/2) transition. Because the signals
the O~2,3! ~Ref. 8! site and of the chain oxygen site, O~4!
~Ref. 9!, overlap around 110 K, there is a temperature reg
from 90 to 130 K where we cannot resolve clearly t
edge in the spectra to extractWi ,' /T.

Our present values for17Wc /T are slightly smaller than
our previously published data19 because of the increased pr
cision of the measurements due to a higher magnetic fi
which allowed us to monitor the magnetization recove
over a larger time intervall. At temperatures above 160
these data are about 30% lower. Our present data are co
tent with those measured by Zhenget al.,20 but are, at tem-
peratures above 160 K, lower than those of Tomenoet al.21

by about 30%.
Clearly, 17Wc /T and 17Wi /T exhibit a remarkably differ-

ent temperature behavior. To emphasize this fact, we plo
Fig. 6, the ratio17(Wi /Wc,') as a function of temperature
The point at the lowest temperature belongs already to
superconducting state. The solid line in Fig. 6 will be d
cussed in Sec. V.

2. Chain oxygen

The temperature dependence of17Wa /T for the chain
oxygen site O~4! is given in Fig. 7. Two plateaus are ob
served separated by a ‘‘kink’’ at approximately 200 K. Th

FIG. 5. Temperature dependence of17Wc,i ,' /T at O~2,3! site
for field directionsci B0 (17Wc /T) andc'B0 (17Wi ,' /T).
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presence of the kink is a clear sign for either a structu
phase transition or a change in the electronic struc
around 200 K.

The analysis of the spectra also yields the paramete
the EFG: h50.861(2) andnzz5eQVzz/h52411(5)kHz,
which are essentially temperature independent in agreem
with Mangelschotset al.8

C. Copper

1. Plane copper

For the plane copper site Cu~2!, we have measured th
temperature dependence of the following parameters: the
quency,63nQ , and the linewidth,63dnQ , of the 63Cu NQR
signal ~Fig. 8, for comparison we also show63dnQ of chain
copper! and the total magnetic shift,65Kc , and the corre-
sponding linewidth,65dB, of the 65Cu NMR signal~Fig. 9!.

Since the NQR line is almost symmetric we have defin
63nQ as the center of gravity of the top half of the line. Th

FIG. 6. Temperature dependence of17(Wi /Wc,') and
89(Wab /Wc) for O~2,3! and Y, respectively. Open circles
17(Wi /Wc); bullet: 17(Wi /W'); open and black triangles
89(Wab /Wc) ~black triangles taken from Ref. 15!. The dashed line
is the value according to the Mila-Rice Hamiltonian~data for the
hyperfine coupling constants from Ref. 15!. The solid line is a fit
according to Ref. 5. The shaded area is the temperature re
where we cannot extract17Wi ,' .

FIG. 7. Temperature dependence of17Wc /T for chain oxygen
O~4! (ciB0).
l
re

of
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signal isinhomogeneouslybroadened due to quadrupolar in
teractions~Ref. 11!. 63nQ shows a clear minimum, which
was already observed by Zimmermannet al.,22 at about
180 K. At the same temperature, the temperature dep
dence of63dnQ changes its slope.

The 65Cu~2! NMR signal is very narrow and slightly
asymmetric. Since65Kc is huge, we defined65Kc as the cen-
ter of gravity of the upper 30% of the signal. Thus, we cou
measure65Kc within an accuracy of 0.002%. Again, aroun
180 K, we notice anomalies in both65Kc and 65dB. Below
this temperature, the shifts start to increase and the temp
ture dependence of65dB changes its slope.

2. Chain copper

For the NQR signal of the chain copper site Cu~1!,
we have measured the temperature dependence of the
frequency, 63nQ ~Fig. 10!, and the NQR spin-lattice
relaxation rate,63(1/T1

NQR) ~Fig. 11!. Since the NQR line
is almost symmetric we determined63nQ in the same way as
for the plane copper.

Although 63nQ does not exhibit a minimum as found fo
Cu~2!, there is again, at 180 K, a clear change in the slope
the temperature dependence of63nQ . The corresponding
linewidth, 63dnQ is shown in Fig. 8 and shows within th
resolution no effect at 180 K. However, also th
63(1/T1

NQR) data reveal a slight but distinct change of t
slope at the same temperature.

n,

FIG. 8. Upper plot: NQR frequency63nQ vs temperature of
Cu~2!. Lower plot: Corresponding quadrupolar linewidthdnQ ~open
circles! and dnQ of chain copper Cu~1! ~bullets! vs temperature,
respectively.
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V. DISCUSSION

Based on our results, we will now discuss three ma
topics, the single-spin fluid model, the anomalies around
K, and the anisotropy of the plane oxygen and yttrium rel
ation rates.

A. Single-spin fluid model

The additional measurements of the Y magnetic s
supplement our previous Cu and O shift studies,9 where we
have shown that the various shift components exhibit
same temperature dependences over a large temper

FIG. 9. Upper plot: Temperature dependence of the total m
netic shift 65Kc for plane copper Cu~2!, ciB0. Lower plot: Corre-
sponding magnetic linewidthdB ~open circles! and dB of chain
copper, Cu~1! ~bullets, Ref. 9! vs temperature, respectively.

FIG. 10. Temperature dependence of the chain copper C~1!
NQR frequency63nQ .
r
0
-

ft

e
ture

range~see Fig. 2!. These facts support the ‘‘single-spin flui
model’’ which states that the Cu 3d holes and the doped
holes, which mainly go into O 2p states,4,23 have one spin
degree of freedom. The same scaling is also found for
magnetic shifts of O~4! and Cu~1! of the double chain.9

However, the susceptibilities of the two systems are diff
ent.

B. Anomalies around 180 K

We summarize the NMR/NQR parameters for which w
have detected an anomalous behavior in their tempera
dependences aroundT† 5 180 K: ~i! Plane copper Cu~2!:
frequency63nQ and linewidth63dnQ of the NQR signal, total
magnetic shift65Kc and linewidth65dB of the NMR signal;
~ii ! Chain copper Cu~1!: frequency and spin-lattice relaxatio
rate of the NQR signal;~iii ! Chain oxygen O~4!: spin-lattice
relaxation rate of the NMR signal; and~iv! ratio of the
yttrium and plane oxygen spin-lattice relaxation rates.

The first question to be answered is whether these f
reflect the presence of a structural phase transition o
change in the electronic structure only. The occurrence o
first-orderphase transition can be ruled out for the followin
reason. SincenQ is proportional toVzz @see Eq.~5!#, it is a
quantity which is very sensitive to structural changes a
nQ would alter its value remarkably at the temperature wh
the transition takes place. However, neither63nQ of Cu~1!
~Fig. 10! nor 63nQ of Cu~2! ~Fig. 8! show a ‘‘jump’’ at T†.
63nQ of Cu~1! merely exhibits a change in slope and63nQ of
Cu~2! passes through a broad minimum aroundT†. Although
these changes would be compatible with a second-o
structural phase transition, we also can rule out such a t
sition on the following grounds. In a previous study,24 we
obtained a perfectly ‘‘smooth’’ temperature dependence
nQ of 137Ba from 17 up to 400 K and the linewidth remain
constant in that range. We did not detect any anomaly,
ther in the frequency nor in the width of the Ba signal. Fu
thermore, x-ray studies,25–27 revealed no anomalies aroun
T† in pure YBa2Cu4O8,28 and ultrasonic attenuation studies29

did not find an enhancement of the attenuation coefficien
T†. We thus conclude that the anomalies occurring atT† do
not arise from a structural phase transition but are the sig
ture of a change or a crossover in the electronic system
leaves the time-averaged spatial structure essentially
touched.

g-

FIG. 11. Temperature dependence of63(1/T1
NQR)c of chain cop-

per Cu~1!.
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Based on these results, we conclude that the change
T†, of the two dynamic parameters17Wc /T of O~4! and
63(1/T1

NQR) of Cu~1! can also be attributed to a change in t
electronic system. While the temperature dependence
63(1/T1

NQR) of Cu~1! ~Fig. 11! changes its slope,17Wc /T of
O~4! displays a clear step with a plateau above as wel
below T† ~Fig. 7!. Both phenomena are not compatible wi
a simple metallic behavior for which one would expe
T1T5const.

We suggest that the electronic crossover results in
opening of an additional relaxation channel for spin-latt
relaxation of both Cu~1! and O~4! and that the mechanism o
the additional relaxation is of quadrupolar origin due
charge fluctuations in the chain. In other words, the el
tronic crossover taking place atT† is dynamic on the
NMR/NQR time scale which is of the order of 10252
1029 s. If the crossover would be static rather than dynam
one would have observed, in addition to the change
17Wc /T, a variation in the magnetic shift17Kc , in contrast to
our earlier measurements.9

The conclusion that the crossover is dynamic rather t
static is supported by a pulsed-neutron-scatter
experiment,30 where the analysis of the pair-distributio
function provided evidence for the formation of dynamic a
electrically polarized microdomains in the chain for tempe
tures belowT†. These domains are mainly caused by a s
tial displacement, perpendicular to the chain, of chain o
gen. As Zhouet al.31 pointed out, the presence of the
domains would explain, in a very natural way, resistiv
data taken by these authors, namely the change in the
perature derivative of the resistivity along thea axis and the
minimum in the derivative of thec axis resistivity.

Next, we address the question whether the crossover
described is restricted to the electronic system of the ch
or whether the planes are also involved. As summari
above, several Cu~2! parameters exhibit anomalies arou
T†. We will start by discussing63nQ and 63dnQ ~Fig. 8! of
the Cu NQR signal.

The field-gradient componentVzz, which appears in the
expression for63nQ , is composed of a valence partVzz

val and
a lattice partVzz

lat , which is negative since the main contrib
tion arises from oxygen. Because the shrinking of the latt
with falling temperature, determines the temperature dep
dence ofVzz

lat , this quantity becomes more negative if th
temperature is lowered. On the other hand,Vzz

val is positive
and is assumed to be temperature independent; furtherm
uVzz

valu.uVzz
lat.u. Thus, one would expect63nQ to decrease, with

decreasing temperature, in a monotonic fashion, in cont
to the experimental facts.

In the framework of the present discussion, the appe
ance of the broad63nQ minimum is difficult to understand
Zimmermann11 tried to explain it in terms of an inhomoge
neous shrinking of the lattice25 that would produce differen
lattice contributions from O~2,3! and O~4!, which also differ
in sign. However, this assumption does not explain con
tently the 63nQ temperature dependence for Cu~1!. There-
fore, we postulate, in addition to Zimmermann8s assumption,
a charge redistribution to occur belowT†, namely a transfer
of holes from the chains into the planes. Such a trans
below T†, would increaseVzz

val and, hence,63nQ of Cu~2!.
, at
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Together with the broad63nQ minimum, we notice an
enhancement of the increase of the linewidthdnQ . The line
is inhomogeneously broadened22 due to quadrupolar
interactions11, i.e., there is a distribution of electric-field gra
dients. The enhancement of the broadening belowT† indi-
cates that the proposed charge redistribution is not c
pletely homogeneous. It is important to note that the Cu~1!
signal ~see Fig. 8! is much narrower than the Cu~2! signal
and does not get broader belowT†. This seems to be evi
dence that the origin of the anomaly is located in the pla
rather than in the chain.

Finally, we turn to the magnetic shiftKc of Cu~2!. A very
puzzling fact is that this quantity is almost temperature in
pendent but has a huge value9,32–34in the whole Y-Ba-Cu-O
family and in La22xSrxCuO4. In the literature, one has ar
gued that the spin part ofKc vanishes sinceKc does not
change at the transition from the normal to the supercond
ing phase. In the framework of the Mila-Rice Hamiltonia
this means thatAc14B50.

Our measurements of65Kc ~Fig. 9! demonstrate that the
relation Ac14B50 is in agreement with experiment fo
temperatures larger thanT† but is slightly violated below this
temperature provided the orbital part of65Kc is still tempera-
ture independent. To explain the data belowT†, we must
requireAc14B.0 which implies that either the positive15

B must have increased or the negativeAc has decreased
Such modifications of the hyperfine couplings cannot
traced back to changes of local atomic distances becaus
thermal shrinking shows no effect aboveT†. Instead, a slight
increase of the amount of holes in the plane, which is
process consistent with our discussion of63nQ , explains the
observations. That the tiny change of65Kc at T† has been
detected at all, is based on the almost perfect cancellatio
Ac and B. Therefore, no anomaly could be observed,
instance, in65Kab .

The anomaly of65Kc at T† is accompanied by a change o
the temperature derivative of the linewidth,65dB, of the
NMR signal. The origin of theinhomogeneousbroadening is
of magnetic nature, i.e., due to a distribution of local ma
netic fields. The width of the corresponding Cu~1! NMR sig-
nal is much smaller and also shows a slight change in sl
at T†, although less pronounced than the change of the C~2!
linewidth. This change of the Cu~1! NMR linewidth con-
trasts with the behavior of the Cu~1! NQR linewidth which
does not exhibit an anomaly atT†.

C. Anisotropy of plane oxygen and yttrium relaxation

We will turn now to the effect of the inplane charge flu
tuations on the plane copper, Cu~2!, and oxygen, O~2,3!.
First, we will discuss the anisotropy of the O~2,3! spin-lattice
relaxation rate, that is the ratio17(Wi /Wc) ~see Sec. IV B 1!,
and we will show that the standard Mila-Rice Hamiltonia
fails to explain the temperature dependence of the ani
ropy. Then, we will demonstrate that the proposal by Z
et al.5 does not provide aconsistentdescription of the tem-
perature dependences of both17(Wi /Wc) and 17Wc /89Wc .
Based on these findings and the results of Sec. V B, we t
propose the presence ofadditional charge fluctuations and
in this way, we achieve a coherent description of all the da
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Figure 6 shows the temperature dependence
89(Wab /Wc) and 17(Wi /Wc,').35 89(Wab /Wc) remains tem-
perature independent, while17(Wi /Wc,') displays a remark-
ably strong temperature dependence belowT†. Similar tem-
perature dependences of17(Wi /Wc,'), but much less
pronounced, were found in YBa2Cu3O6.5,36 YBa2Cu3O6.52,37

and YBa2Cu3O6.96;14 in the latter compound, which is opti
mally doped, the temperature dependence is weakest.

The temperature dependence of17(Wi /Wc,') is difficult
to understand in the framework of the Mila-Rice Ham
tonian which predicts17(Wi /Wc)5(Cc

21C'
2 )/(Ci

21C'
2 ).

Since just hyperfine coupling constantsCa are involved,38

17(Wi /Wc,') should be temperature independent. Taking
Ca values given by Kambe et al.,15 one finds
17(Wi /Wc,').0.65, which describes the high-temperatu
values very well but fails at temperatures belowT†.

Zha et al.5 tried to explain the behavior of17(Wi /Wc,')
in the framework of the Millis-Monien-Pines model6 by in-
cluding additional next-nearest-neighbor coupling@see Sec.
II and Eq.~11!# and incommensurate antiferromagnetic flu
tuations with wave vectorQi . The authors found that

17Wa

17Wb

.
Sa

Sb
F11S Pa

Sa
2

Pb

Sb
D S 1

63T1cTx0~T!
D G , ~15!

wherea,b5i ,',c, Pa,b517Fa,b(Qi)/
63Fc(Qi) and

Sa,b.
p

G E
BZ

17Fa,b~q!d2q. ~16!

The crucial point of this approach is that incommensur
antiferromagnetic fluctuations are invoked whose existen
in the Y-Ba-Cu-O family, is still unclear. For instanc
neutron-scattering experiments in YBa2Cu3O7 ~Refs.
39,40,42!, YBa2Cu3O6.63 ~Refs. 43,44!, and YBa2Cu3O6.60
~Ref. 41! just show comparatively broad temperatur
independent peaks forQAF .

Nevertheless, as shown in Fig. 6, Eq.~15! is able to de-
scribe the temperature dependence of17(Wi /Wc,') quite
well. However, we also calculated17Wc /89Wc following the
Millis-Monien-Pines model, including the form factor@Eq.
~11!# proposed by Zha, as well as the incommensurabil
The result is plotted in Fig. 12 and shows clearly, that t

FIG. 12. 17Wc /89Wc vs temperature. Open circle, present wo
open and black diamonds from Ref. 17. The solid line is a calc
tion following Ref. 5.
of

e

-

e
e,

-

.
s

ansatz fails. While the nearly constant value of17Wc /89Wc at
temperatures aboveT† agrees with the calculation, the pro
nounced upturn of the ratio belowT† and its saturation
around 100 K are not reproduced by the model. That
model fails in this case can be seen quite easily. Since
assumes the single-spin fluid model, there is just o
x9(q,v) relevant for the spin-lattice relaxation rate@Eq. ~9!#.
The normalized form factors@Eqs.~11! and~12!# for O~2,3!
and Y are almost the same, so that also theT1’s will exhibit
almost the same temperature behavior resulting in a v
weak temperature dependence of17Wc /89Wc .

An upturn of the17Wc /89Wc in YBa2Cu4O8 has also been
observed by Kambeet al.15 although their data differ from
ours. On the other hand, it is puzzling that the17Wc /89Wc
ratio in underdoped YBa2Cu3O6.63 and overdoped
YBa2Cu3O7 exhibits only a weak temperature dependenc17

~see Fig. 12!.
Takigawaet al.17 and Kambeet al.15 attributed the tem-

perature dependence of17Wc /89Wc to the growing, with de-
creasing temperature, of interplane antiferromagnetic co
lations. Indeed, the presence of very strong antiferromagn
correlations between adjacent planes in underdo
Y-Ba-Cu-O compounds has been shown by a number of
periments, for instance by neutron-scattering43 and
SEDOR experiments.45 However, it is questionable whethe
the growth of the interplane correlations alone suffices
explain the extraordinary increase of17Wc /89Wc we and Ka-
mbeet al. observe in YBa2Cu4O8 below 180 K.

We therefore, as a supplement to the correlation gro
effect, propose the presence of an additional relaxa
mechanism which can provide a coherent description of
temperature dependence of both17(Wi /Wc,') and
17Wc /89Wc . As shown in Sec. V B, there are enhanc
charge fluctuations in the chain and the plane at temperat
below T†. These fluctuations open an additional relaxati
channel which is ofquadrupolarorigin. This would easily
explain the temperature dependence of17Wc /89Wc ~see Fig.
12! since only 17Wc of O~2,3! is enhanced, while yttrium
because of its spin 1/2, cannot couple to the charge fluc
tions. Of course, the upturn of17Wc /89Wc is a large effect
compared to the relatively small anomalies occurring atT†

and it could very well be that the17Wc /89Wc upturn is
caused by a different mechanism. Nevertheless, the fact
all these effects occur around the same temperature is
tempting for suggesting acommonmechanism.

The relative magnitude of the quadrupolar contribution
the total relaxation rate,17Wc , of O~2,3! can be calculated a
follows. We assume that the magnetic and quadrupolar c
tributions are almost independent of each other and that b
yttrium and O~2,3! couple to the same spin degree of fre
dom, described byx9(q,v). Since the form factors for thes
two isotopes, within the Mila-Rice Hamiltonian, are ve
similar @Eqs. ~11! and ~12!#, T1 as given by Eq.~9! should
exhibit almost the same temperature dependence for Y
O~2,3!. This then allows one to separate the magnetic and
quadrupolar contribution to17Wc . We obtain

17Wc
quad.F 17Wc

89Wc

2S 17Wc

89Wc
D

300K
G 89Wc ~17!

-
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and 17Wc
mag517Wc217Wc

quad. Below 100 K, the two contri-
butions are of the same order of magnitude~see Fig. 13!. In
view of the temperature dependence of17(Wi /Wc), it fol-
lows that the quadrupolar fluctuations have to be the str
gest along the Cu-O bond.

Accepting this analysis, one immediately wonders w
the quadrupolar contribution is not detected at the plane
site. At this site, the spin-lattice relaxation rate is domina
by the strong antiferromagnetic fluctuations, that me
x9(QAF)@x9(0), while these fluctuations are filtered at th
oxygen and yttrium sites. Therefore, the relatively small q
drupolar contribution toWa of Cu~2! is difficult to detect.

A final question in this context is whether, in the presen
of a quadrupolar contribution, the procedure to determine
T1 values has been correct. We have fitted the magnetiza
recovery data by formulas which were derived for pure
magnetic fluctuations:46

M ~ t !5M ~`!F12A(
i

iciexpS 2
tl i

2T1
D G , ~18!

whereA and ci are given by the initial conditions and th
l i ’s are the eigenvalues of the master equation. As we h
shown elsewhere,47 even for strong quadrupolar contribu
tions, i.e.,Wquad'Wmag, and our initial conditions, the coef
ficientsci as well as the eigenvaluesl i are only marginally
changed. Therefore, the extractedT1 values are correc
within the error bars.

D. A charge-density-wave model

We finally speculate on the possible mechanism for
charge redistribution and the enhancement of the charge
tuations belowT†. Recently, Ereminet al.48 have argued tha
the so-called ‘‘spin-gap’’ phenomenon in YBa2Cu4O8 is
caused by a transition due to a charge-density wave~CDW!.
The notion ‘‘spin-gap effect’’ refers to the opening of
pseudogap in the electron-spin excitation spectrum at a t
peratureTS'150 K which lies aboveTc . This effect ex-
plains the strong temperature dependence of the normal-
susceptibility in YBa2Cu4O8. The proximity ofT† andTS has
been a trigger for these investigations.

FIG. 13. 17Wc
quadand 17Wc

magvs temperature of O~2,3!. The lines
serve as a guide to the eyes.
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It is known that a two-dimensional Fermi-like liquid i
unstable with respect to a CDW transition if the chemic
potential is located near the energy where the density
states exhibits the Van Hove saddle singularity peak. Star
from the t-J model and including electron-phonon intera
tion, Eremin et al. derived the gap equation for a charg
density wave in the CuO plane, using the singlet correla
band in the normal state. From their analysis, the auth
could explain, e.g., the strong temperature dependenc
65Kab of Cu~2! as well as the opening of the spin gap.

Therefore, it is very tempting to explain the enhanc
charge fluctuations we observe belowT† by means of a tran-
sition to a CDW. Our results have shown that enhanc
charge fluctuations also occur in the chain and our anal
strongly suggests a charge transfer from the chain to
plane. Since the origin of the transfer seems to be locate
the plane rather than in the chain and, on the other hand
CDW also seems to occur in the plane, it looks as if t
charge transfer is triggered by the CDW of the plane.

VI. SUMMARY

We have performed an NMR and NQR study, resp
tively, of the Cu, O, and Y isotopes in the normal state of t
high-temperature superconductor YBa2Cu4O8. From mea-
surements of the temperature dependence and, in some c
the anisotropy of various NMR/NQR quantities such as
laxation times, Knight shifts, NQR frequencies, and lin
widths, we have obtained the two following major results

~i! The magnetic shifts scale among each other which
plies that the hyperfine interaction in the plane as well as
the chain is determined by one spin degree of freedom,
the Cu 3d holes and the doped holes, which mainly go in
O 2p states, are described by onlyonesusceptibility. How-
ever, the susceptibility for the plane is different from that
the chain.

~ii ! Around T†5180 K, we detected ‘‘anomalies’’ in the
temperature behavior of several NMR/NQR quantities. W
interpret the anomalies as the fingerprint of an electro
crossover, rather than a structural phase transition, occur
in both the planes and chains once the temperature is
ered belowT†. The crossover reveals itself by enhanc
charge fluctuations in planes and chains accompanied
charge~hole! transfer from chain to plane.

A possible mechanism of the crossover could be a cha
density-wave instability. The occurrence of such instabilit
in the normal state of cuprate superconductors has rece
been discussed by Ereminet al.48 This model is able to ex-
plain some of the observed features, if one assumes thatT† is
the temperature below which the charge-density wave
formed.
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