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This paper discusses recent NQR/NMR studies performed on Y-Ba-Cu-0 superconductors at the Uni-
versity of Zürich. The work is concerned with normal state properties which are still controversial, for 
instance the spin-gap effect, i.e. the opening of a pseudo gap in the electron spin excitation spectrum at 
a temperature 7*, which lies above Tc. We will report on the detection of "anomalies" which are dis-
played in the temperature dependence of several NMR and NQR quantities measured in the normal state 
of YBa2Cu408 . These anomalies are interpreted as an electronic crossover which involves a charge re-
distribution in the C u 0 2 planes and an enhancement of the charge fluctuations. As a possible mecha-
nism of the crossover, a charge density wave instability is proposed. 
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1. Introduction 2. The Spin-Gap Effect 

There is still no consensus of opinion about the mech-
anism of high-temperature superconductivity. It is com-
monly agreed that an understanding of the normal state 
of these materials is a prerequisite for the elucidation of 
the superconductivity mechanism. Atypical question, not 
yet satisfactorily answered, concerns the origin of the 
spin pseudogap in underdoped cuprate superconductors, 
i.e. the opening of a pseudo gap in the electron spin ex-
citation spectrum at a temperature 7*, which lies above 
Tc (see, e.g. [1]). Possible explanations have considered, 
for instance, intrinsic properties of the Cu0 2 planes or 
the coupling between these planes. We are going to 
present new experimental facts from NMR/NQR studies 
that seem to link the spin gap to an electronic crossover 
which could be triggered by a charge density wave in-
stability. 

Therefore, we will start with a discussion of the spin-
gap effect; then we will present the new data on the cross-
over, and, finally, we will discuss the theoretical work on 
the charge density wave instability. In the course of this 
presentation, we will note how nuclear quadrupole inter-
actions play a crucial and fundamental role in these stud-
ies. 

* Presented at the XlVth International Symposium on Nu-
clear Quadrupole Interactions, Pisa, July 20-25 , 1997. 
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The spin-gap effect has been discovered in 
YBa2Cu307_5 by neutron scattering [2], Then, several 
NMR groups have regarded this effect to be responsible 
for the peculiar temperature variation of the spin-lattice 
relaxation rate, l / 7 b at least in the normal conducting 
state [1,3]. The occurrence of a spin gap means that spec-
tral weight in the electron spin fluctuations is transferred 
from lower to higher energy. The effect competes with 
the antiferromagnetic (AF) fluctuations which increase 
with decreasing temperature. These fluctuations are typ-
ical for high-temperature superconductors, since several 
of these materials are synthesized by doping an AF par-
ent structure, e.g. YBa2Cu307_5 is obtained by adding 
oxygen to YBa2Cu306. 

Below a temperature 7*, where the maximum of 
(7,7)~' occurs, the spin-gap effect predominates and thus 
(7, 7)~' is decreasing. In the under-doped structures, T* 
lies well above Tc while in over-doped compounds, T* 
nearly coincides with Tc. 

The spin-gap effect seems to have a widespread nature 
[4] and still attracts considerable attention in the NMR 
community [5]. In the absence of a detailed theory, it be-
came common [1] to describe the temperature depen-
dence of the "spin-lattice relaxation rate per temperature 
unit" in the following way: 

7, 7 
= C7~ 1 - tanh 2 I 

2 7 
(1) 
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Fig. 1. Fit of Eqn. (1) to the Cu (2) and Cu (3) relaxation rates 
in Y2Ba4Cu7O l 5 . From Ref. [6]. 

where A denotes the spin gap energy, C is a constant, and 
the factor has been introduced for greater fit flexibil-
ity. 

An illustrative and also important example is given in 
Fig. 1 which shows the fit of (1) to the Cu (2) and Cu (3) 
relaxation rates of the "mixed-layer" compound 
Y2Ba4Cu7015 [6], The parameters for both fits are 
A = 240 ± 20 K and a = 1.25 and thus agree within the 
error limits with A = 260 ± 10 K and a = 1.25 we ob-
tained for our Cu (2) data in YBa2Cu408. The agreement 
of both A parameters is also in accord with our result of 
a spin-echo double resonance (SEDOR) experiment in 
this compound [7]. By measuring the ratio of two relax-
ation times, the intra-plane T2Gind and the inter-plane 
TSEDOR' w e have directly confirmed the existence of an 
appreciable coupling between the two inequivalent Cu0 2 

planes. Among the several proposals for a possible ori-
gin of the spin gap, it had also been suggested [8] that 
the gap arises from an effective inter-plane coupling 
between adjacent Cu02 planes. We therefore had taken 
our results as evidence for this model. 

Recent photoemission studies [9, 10] brought into fo-
cus the instability phenomena as a possible origin of the 
pseudo gap, and it had been suggested that the normal-
state pseudo gap is closely related to the superconduct-
ing gap below Tc. Our new NMR/NQR data for 
YBa2Cu4Og [11], which present evidence for an electron-
ic crossover in that compound, provide an additional link 
to the instability problem; this will be discussed now. 

3. Electronic Crossover in YBa2Cu4Os 

Our conclusion about the occurrence of an electronic 
crossover in YBa2Cu408 is based on the fact that the tem-
perature dependence of the following NMR/NQR param-
eters exhibits an anomaly at a temperature T = 180 K: 
(i) Plane copper, Cu (2): frequency and linewidth of the 
NQR signal (see Fig. 2), total magnetic shift and line-
width of the NMR signal (see Fig. 3); (ii) Chain copper, 
Cu(l): frequency and spin-lattice relaxation rate of the 
NQR signal; (iii) Chain oxygen, O (4): spin-lattice relax-
ation rate of the NMR signal; and (iv) Ratio of the yttri-
um and plane oxygen spin-lattice relaxation rates. 

The first question to be answered is whether these facts 
reflect the presence of a structural phase transition or a 
change in the electronic structure only. The occurrence 
of a first-order phase transition can be ruled out since 
neither 63vQ of Cu (1) nor 63vQ of Cu (2) show a "jump" 
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Fig. 2. Temperature dependence of frequency (top) and line-
width (bottom) of 6 3Cu(2) NQR signal in YBa^Cu408 . From 
Ref. [11]. 
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Fig. 3. Temperature dependence of total magnetic shift (top) 
and linewidth (bottom) of Cu(2) NMR signal (cllß0) in 
YBa 2Cu 40 8 . Full circles represent chain Cu (1) data. From Ref. 
[11]. 

at T ' . In addi t ion, the tempera ture dependence of vQ of 
1 3 7 Ba f rom 17 K up to 4 0 0 K is perfect ly " smoo th" and 
the l inewidth remains constant in that range [12], Hence , 
the changes at T' do not arise f r o m a structural phase 
transi t ion; instead, they can be attributed to a change in 
the electronic sys tem. We suggested that this electronic 
crossover results in an opening of an additional relaxa-
tion channel for spin-latt ice relaxation of both the chain 
Cu (1) and O (4) and that the mechan i sm of the addit ion-
al relaxat ion is of quadrupolar origin due to charge f luc-
tuat ions in the chain. 

A close inspect ion of the tempera ture dependence of 
both % and Kc of Cu (2) reveals that a charge redistri-
but ion occurs be low T r , namely a t ransfer of holes f rom 
the chains into the planes. Accept ing this interpretation, 
one immediate ly unders tands the unusual temperature 
dependence of two ratios of relaxation rates, namely 
17/ (WyW C i ± ) and \ l W c r W L - the latter exhibits a pro-

nounced upturn be low T ' and a saturat ion around 100 K. 
Fol lowing our model , the enhanced charge f luctuat ions 
in the chain and the plane, be low Tr, cause an increase 
of nWc/*9Wc for decreas ing temperatures , since only 
17W(. of O (2 ,3) is enhanced while yt t r ium, because of its 
spin 1/2, cannot couple to the charge f luctuations. As a 
possible mechan i sm of the c rossover w e propose a charge 
density wave instability to be d iscussed in the next sec-
tion. 

4. Charge Density Waves inYBa2Cu408 

At about the same t ime when s tudying the crossover 
effects , we discussed [13] the possibi l i ty whether these 
anomal ies support the idea [14] that the spin gap phe-
nomenon is caused, at least partly, by a transition due to 
a charge densi ty wave ( C D W ) . It is known that a quasi 
two-d imens iona l metal with s t rong anisotropic Fermi 
surface is unstable with respect to a C D W transition [15, 
16], Accord ing to photoemiss ion data (see the review in 
[17]), Fermi sur faces in layered cupra tes are really dif-
ferent f rom a perfec t circle or cyl inder . Therefore , the 
analysis of the C D W scenar io as a possible origin for the 
opening of a pseudo gap in the normal state is desirable. 
Al though this point has been emphas i zed by many au-
thors, however , to our knowledge , numerical calculat ions 
have not been pe r fo rmed . 

Start ing f rom the t-J model and including electron-
phonon interact ion, Eremin et al. [13] derived the gap 
equat ion for a charge density wave in the C u 0 2 plane, 
using the singlet correlated band in the normal state. The 
model a l lowed to explain the impor tan t features of the 
m o m e n t u m and tempera ture dependences of the pseudo 
gap and the strong tempera ture dependence of the Cu (2) 
magnet ic shift 65Kah ( B 0 A. c) which depends on the spin 
susceptibili ty. 

A severe test, whe ther the C D W approach is correct , 
is the predict ion of a relatively s t rong dependence of T* 
on the isotope mass . An exper imenta l verif ication of this 
predict ion is in progress in our laboratory using a 1 8 0 en-
riched Y B a 2 C u 4 0 8 sample . 

The C D W approach has been deve loped fur ther to ex-
plain e lect ronic propert ies of the cha ins [18], where , due 
to the one-d imens iona l character , a Peierls instability is 
expected that leads to the fo rmat ion of a C D W in the 
ground state. On the basis , one can unders tand the tem-
perature dependence of (i) the Cu (1) N Q R f requency in 
Y B a 2 C u 4 0 8 and Y B a 2 C u 3 0 7 and of (ii) the Cu (1) Knight 
shift in Y B a 2 C u 4 0 8 . 
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In conclusion, the new experimental and theoretical 
results suggest a strong relation between the spin gap and 
the electronic crossover. It remains to be shown wheth-
er both effects are a manifestation of a common under-

lying mechanism and whether a charge density wave -
or perhaps a spin density wave - is associated with this 
mechanism. 

[1] D. Brinkmann and M. Mali, in NMR - Basic Principles 
and Progress, ed. by P. Diehl, E. Fluck, H. Günther, R. 
Kösfeld, J. Seelig, Vol. 31, Springer, Berlin 1994, p. 171. 

[2] J. Rossat-Mignod, L. P. Regnault, C. Vettier, C. Burlet, 
J. Y. Henry, and G. Lapertod, Physica B 169, 58 (1991). 

[3] D. Brinkmann, Z. Naturforsch. 51a, 786 (1996). 
[4] T. M. Rice, in The physics and chemistry of oxide super-

conductors, ed. by Y. Iye, Springer, Berlin 1992. 
[5] C. Berthier, M. H. Julien, M. Horvatic, and Y. Berthier, 

J. Physique 16, 2205 (1996). 
[6] R. Stern, M. Mali, I. Mangelschots, J. Roos, D. Brink-

mann, I. Heinmaa, J.-Y. Genoud, T. Graf, and J. Muller, 
Phys. Rev. B 50, 426(1994). 

[7] R. Stern, M. Mali, J. Roos, and D. Brinkmann, Phys. Rev. 
B52, R15734 (1995). 

[8] For instance: A. J. Millis and H. Monien, Phys. Rev. Lett. 
70, 2810 (1993); Phys. Rev. B 50, 16606 (1994). 

[9] A. G. Loeser, Z.-X. Shen, D. S. Dessau, D. S. Marshall, 
C. H. Park, P. Fournier, and A. Kapitulnik, Science 273, 
325 (1996). 

[10] H. Ding, T. Yokoya, J. C. Campuzano, T. Takahashi, M. 
Randeria, M. R. Norman, T. Mochiku, K. Hadowaki, and 
J. Giapintzakis, Nature London 382, 51 (1996). 

[11] A. Suter, M. Mali, J. Roos, D. Brinkmann, J. Karpinski, 
and E. Kaldis, Phys. Rev. B 56, 5542 (1997). 

[12] A. Lombardi, M. Mali, J. Roos, and D. Brinkmann, Phys-
ica C 267, 261 (1996). 

[13] I. Eremin, M. Eremin, S. Varlamov, D. Brinkmann, M. 
Mali, and J. Roos, Phys. Rev. B 56, 11305 (1997). 

[14] R. S. Markiewicz, Physica C 193, 323 (1992). 
[15] Claire Schlenker, in Physics and Chemistry of Low-Di-

mensional Inorganic Conductors, ed. Claire Schlenker 
et al., Plenum Press, New York 1996. 

[16] G. Gruner, Density Waves in Solids, Addison-Wesley 
Publ. Comp., Reading 1994. 

[17] Z.-X. Shen and D. S. Dessau, Phys. Rep. 253, 1 (1995). 
[18] A. Zavidonov, M. Eremin, D. Brinkmann, M. Mali, and 

J. Roos, submitted to Phys. Rev. B (1997). 


