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This paper emphasizes the fact that valuable information on the dynamics of tdgper-
conductors is concealed in that part of the spin-lattice relaxation which arises from quadrupolar
interactions. We briefly discuss the problem how to disentangle magnetic and quadrupolar time
dependent interactions if both are present, thus leading to multiexponential magnetization recovery
laws. We then discuss two examples from our studies of the Righperconductor YBEwOg
where the identification of a quadrupolar contribution to the spin-lattice relaxation has been es-
sential to draw the relevant conclusions. One example is concerned with the charge fluctuations
associated with an electronic crossover showing up in the oxygen relaxation. The second example
is dealing with the separation of charge and spin excitations and the validity of the single-spin fluid
model.
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1. Introduction guadrupolar interactions. In this paper, we will start
with a brief review of the general problem and will
NMR and NQR are still playing an important rolethen discuss two examples from our studies of the
in the understanding of high-temperature supercohigh-T, superconductor YB4&w,Og where the iden-
ductors (HTSC) at the atomic level [1, 2]. As intification of a quadrupolar contribution to the spin-

“classical” superconductors, it turned out that relaXattice relaxation has been essential to draw the rele-
ation time studies are an essential and, quite ofteyant conclusions.

indispensable tool to decipher the complex informa-

tion provided by other NMR/NQR parameters. Since ) )

many HTSC are derived from antiferromagnetic pa#- Mixed Magnetic and Quadrupolar Relaxation

ent compounds, either by doping or increasing the

oxygen content, short-range antiferromagnetic spin The literature contains mainly calculations of mul-

fluctuations are one of their characteristic featureiexponential magnetization recovery laws for the

Therefore, in most cases spin-lattice relaxation (icase of eithepurely magnetic opurely quadrupolar

particular that of Cu nuclei in the Cy(planes) is fluctuations, see. g. [3]. Recently, we have discussed

dominated by the magnetic coupling between nucl¢8] the multiexponential recovery which appears in

and the fluctuating electrons. spin-lattice relaxation when NMR lines are split by
Quite often, however, in HTSC and other conguadrupole interaction. We have treated the case of a

densed matter NMR experiments, both magnetic asthtic quadrupolar perturbed Zeeman Hamiltonian in

quadrupolar time dependent interactions are presetite presence of both magnetic and quadrupolar fluc-

leading to multiexponential magnetization recoveryuations under the assumption that the spin—exchange

laws. The question arises whether it is possible woupling can be omitted and the eigenfunctions of the

deduce, directly from the experiment, the admixturstatic Hamiltonian can be approximated by Zeeman

of a weak contribution, either due to magnetic oeigenfunctions.
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The calculations were carried out for three cases 102
differing by the initial conditions of the spin system.

: : cc|IB 5]

We have presented exact solutions for spir 1 N 17OW mag. o <7
and I = 3/2. For spinI = 5/2 we found an ex- P 7 il
I @ chuad. g/ i

act solution if the quadrupolar transition probabilities,,
Wy, andW; are equal, and an approximated squtio@v 10
for the general cas®; # W,. The spinl = 7/2 %
was treated for magnetic fluctuations (with probabilé’o
ity W) only. We analyzed the whole parameter spacg
constructed by thel, W1, W>) probabilities. Thisis ™ ;5
a necessity when dealing with single crystals or par-
tially oriented powders (the latter is standard practice L L L
in many NMR/NQR studies of HTSC), since in these 100 200 300
cases the different contributions of the fluctuations T(K)

depend on the angle they form with the external mag-

netic field, so that extended parts of the parametkid: 1. 'O magnetic and quadrupolar relaxation rates of
space are sampled (2,3) vs. temperature. The lines serve as a guide to the

We found that, in a surprisingly large region of the o> (from [4)).
(W, W1, W) parameter space, itis almostimpossibleossibility whether these anomalies support the idea
within experimental errors, to separate magnetic aRfat the so-called spin gap phenomenon is caused, at
quadrupolar contributions to the relaxation. Insteaggast partly, by a transition due to a charge density
the “dominant” contribution determines the time evogave. The presence of a spin gap means that spectral
lution of the recovery law, e. the system can approx-eight in the electron spin fluctuations is transferred
imately be described by a single time constdiff!.  from lower to higher energy.
In other words, even if the initial assumption of the We concluded that, in the chains and planes of
experimentalist is wrong (lets say, the assumption §fBa,Cu,Os, there are enhanced charge fluctuations
pure magnetic fluctuations), the extractds of the  at temperatures belo@*. These fluctuations open,
right order of magnitude. in addition to the strong magnetic relaxation, a
Thus, to test any hypothesis about the origin of thguadrupolar relaxation channel thus explaining the
spin—lattice relaxation in the system under considergnusual temperature dependence of the ratio of the
tion, additional information is necessary, which maye|axation rates ofn-plane oxygen!’0(2,3) and yt-
be provided, for instance, by the temperature depefium 89y, And this in turn supports the link between
dence of the relaxation. If the nucleus studied has twge crossover and a charge density wave instability.
magnetic isotopes, as in the case of copP@and  The relative magnitude of the quadrupolar contri-
®Cu), the admixture can be estimated from the raytion71¥. to the total relaxation rate of O(2,3) can
tio of the relaxation timesT. If single crystals are be calculated as follows [4]c [ndicates that the exter-
available, the relaxation’s angular dependence yiel#ial magnetic field is parallel to theaxis.] We assume
valuable information. If all this fails, a new approachhat the magnetic and quadrupolar contributions are

T T T TTTTT]
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is necessary, as will be discussed below. almost independent of each other and that both yt-
trium and O(2,3) couple to the same spin-degree of
3. The Electronic Crossover freedom, described by the dynamic electronic suscep-

tibility. Since the form factors for these two isotopes,
The firstexample deals with an electronic crossoveyithin the Mila-Rice Hamiltonian[1, 2], are very sim-

occuring at a temperatu#® in the normal state of the ilar, T; should exhibit almost the same temperature
superconductor YB&£wOg (1¢ = 82 K) [4, 5]. Our  dependence for Y and O(2,3). This then allows one
conclusion about the occurence of this crossover was separate the magnetic and the quadrupolar contri-
based on the fact that the temperature dependenceafion tol’1V.. We obtain
several NMR/NQR parameters exhibits an anomaly at
T'" =180 K. These results had an essential importance 17, quad [17Wc B (17Wc> ] oy (1)
for our theoretical study [6] which investigated the S )77 8. / 300 k ¢
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and"wmas = 17y, — 17yyauad The result is given 2000

. . f 300

in Figure 1. Below 100 K, the two contributions are &R ry
of the same order of magnitude. In view of the tem- © Q */ loso
perature dependence %1, /W.), it follows that 1500 | ® Ry
the quadrupolar fluctuations have to be the strongest. 1200
along the Cu-O bond. o 5 %

However, is therelirect evidence for the quadrupo- ~_o0q | © 1150 ‘(;
lar contribution to thé’O relaxation? We have solved P o
this problem by employing a pulse double-irradiations * 7 o 100 8
method which allows one to separate magnetic from 500 | {
guadrupolar contributions in the spin—lattice relax- o1 150
ation [7]. The method involves a special initial con-
dition of the spin system which we call dynamic sat- ‘ ‘ ‘
uration and which we had already mentioned previ- 0 100 200 300 40%
ously [3]. T ()

The pulse sequence fully saturates one transition

while another is observed. The clue is that the olFig. 2. Temperature dependence of the magndiig) and

served transition changes its intensity if and only iguao!rupolarRQ) spin-lattice relaxation rate. The solid line

a|Am| = 2 quadrupolar contribution is present; th a fit of the 1D electron-gas model to the data. The dashed
. . . ' __[ine is a guide to the eye (from [9]).

change is monitored with respect to a standard spin-

echo experiment. We calculated analytically this ing¢ {1 anisotropy of the electronic properties sug-

tensity Chaﬂg‘? for SpinG= 13/2,5/2, t_hus provid- gegteqd by the crystalline structure and confirmed ex-
ing a quantitative analysis of the experimental result erimentally, the Cu-O chains present a good example
Since the presented pulse sequence takes care of fhg o4 one-dimensional (1D) electronic conductor.
abso_rbed _radlo-frequency power, no proble.ms due fohe past two decades, 1D systems have been a play-
heating arise. The method is especially suited whejy, 0 for theoretical and experimental investigations
onlyoneNMR sensitive isotope is available as itis thejs on-Fermi liquid behavior. If probed by NMR or
case with’O. Different cross-checks were performe OR, the chains of YBZU;0; and YBaCwOg do
to prove the reliability of the obtained results. not exhibit simple metallic behavior. For instance, the
Applying this method to O(2,3) in YB&wOg, We  Cu Knight shift varies linearly with temperature, and
could show [8] that the spin-lattice relaxation ratethe spin-lattice relaxation rate,/ Ty, increases ap-
below approximately 180 K, consists of magnetic agroximately with the temperature cubed, while, in a
well as quadrupolar contributionise. low-frequency  simple metal, the Knight shift is temperature indepen-
charge fluctuations. In the superconducting state, thdent and 177 increases linearly with temperature.
newly established quadrupolar relaxation diminishes Recently, we made an attempt [9] to explain the
faster than the magnetic one, indicating that the Uy, 7|ing behavior of the spin susceptibility of the
derlying relaxation process is strongly influenced byh5ins in YBaCu0O; and YBaCu,Og by invoking
the superconducting transition. There are two degregg; results of a theory treating nuclear spin-lattice
of freedom involved in the low-energy excitations ofg|axation in 1D conductors [10]. This theory is based
the electronic system, one of them is the single-Spiysentially on the results of the scaling theory for the
degree, implying that the single-spin fluid model I}uasi-1D correlated electron gas [11].
partially correct, whereas the other one is tharge The Cu spin-lattice relaxation rate/T; can be
degree_of fr(_ae_dom with predominantly oxygen Cha(/'vritten as a sum of two contributions:/T; =
acter, since it is not observed at the copper sites. Rum + Ro. The “magnetic relaxation rateRy is

related to magnetic field fluctuations at the nuclear
4, Separation of Charge and Spin Excitations site induced by the valence electron spins, while
the “quadrupolar relaxation rateRq is associated
The second example is concerned with the relaxvith electric field gradient fluctuations which can
ation of thechain Cu nuclei in YBaCuw,Og. Because arise from valence electron and/or ionic charges. We
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decompose the Cu/T; raw data into the two contri- dipolar contribution. In the absence of other relax-
butions by utilizing the fact thaky, is proportionalto ation channels, we believe that this is the origin of the
the gyromagnetic ratio squared and Rq is propor- quadrupolar relaxation in the Cu chains. The different
tional to the quadrupole moment square@)?. The temperature dependence®f and Rq, which is not
result is given in Fig. 2Ry and Rq have different expected for a simple metal, is an indication for the
temperature dependences aig is dominating. separation of spin and charge excitations expected in
Ry can be explained in the framework of the 10the framework of the 1D electron gas model. In such
electron gas model, where the anisotropy and the c@rcase Rq would be related to the spectral density of
relation of the chain electrons system are taken intmlons.
account. To explaiRg, various mechanisms are fea- The relaxation rate of the apex oxygen scales nei-
sible. Relaxation by phonons can be excluded becauber with that of chain Cu nor with plane Cu, but with
of the temperature dependencef$ and its large the quadrupolar relaxatioRq of the chain copper.
value. In a metal with nor-conduction electrons, This implies that the electric field gradient fluctua-
the quadrupolar relaxation due to the charge carrigiisns, presumably induced by the holons in the chains,
is finite and can be comparable to their magnetiare also responsible for the apex oxygen relaxation.
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