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ABSTRACT. The paper reviews some less known but representative examples where the NMR study of two isotopes of the same element yields important information on very different characteristic features of the compound.  We will discuss the following examples: (i) Determination of the type of molecular movements of a transient Xe molecule in the gas phase (by using the Xe isotopes 129Xe and 131Xe).  (ii) Classical nature of the isotope effect of the Li diffusion coefficient in Li metal ( 7Li and 6Li in solid Li).  (iii) Dynamics of Cu-O chains in a high-temperature supercon-ductors ( 63Cu and 65Cu).  (iv) Isotope shift of the opening temperature of the spin gap in the superconductor YBa2Cu4O8 using 16O and 18O exchanged samples; in this example only one NMR isotope, 63Cu, is studied.

1. Introduction

Nuclear Magnetic Resonance (NMR) is essentially a nuclear Zeeman effect, i.e. the splitting of the magnetic energy levels of magnetic nuclei in a static magnetic field.  Applying a radio-frequency field at the proper frequency induces transitions between these levels and gives rise to an NMR signal.  Each stable element of the periodic table (except for Ar and Tc) has at least one isotope which possesses a nuclear magnetic dipole moment and hence can be employed in an NMR experiment.  This fact gives rise to the power of NMR as a spectroscopic tool which allows one to study static and dynamical aspects of materials in all phases (gas, liquid, solid) at the atomic level.

As an additional “gift by nature”, 36 chemical elements have even several magnetic isotopes, e.g. H, Li, B, N, Cl, K, Cu, Xe, Ba. Furthermore, there are 62 elements which posses at least one isotope having a nuclear quadrupole moment and thus, in addition to NMR, allow Nuclear Quadrupole Resonance (NQR) experiments.

Given this rich supply of isotopes, no wonder that chemical compounds with different isotopes of the same element, for instance H2O and D2O , play an important role in NMR studies. Well known are the structural investigations in liquids by NMR (high-resolution NMR) where, e.g., hydrogen is replaced by deuterium if a certain bond is of special interest.  The hydrogen bond studies in ferroelectrics using also deuterium substitution are a typical example from solid state physics.

In our review, we will present less known but representative examples where the NMR study of two isotopes of the same element yields important information on very different characteristic features of the compound (structure, dynamics etc.).

2. Transient Xe molecules in Xe gas

Xenon has two nuclear magnetic isotopes, 129Xe with nuclear spin I = 1/2 and 131Xe with I = 3/2.  If xenon gas can be regarded as an one-atomic and diamagnetic gas, the interaction between the nuclear moments is the only mechanism for spin-lattice relaxation.  This is the process which brings the spin system into thermal equilibrium with its surroundings, the “lattice”'.  In other words, this relaxation changes the nuclear magnetization that is parallel to the external magnetic field.  The process is brought about by local magnetic fields which fluctuate at the Larmor frequency; the time constant of the process is called spin-lattice relaxation time, T1.

In the case of the simple xenon gas, one calculates a relaxation rate of
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where ( is the gyromagnetic ratio, R is the atomic diameter, n is the number of atomic collisions per time unit, and < v2 > is the mean quadratic molecular velocity.  For the 131Xe isotope in xenon gas with a pressure of about 8 MPa, one calculates T1 = 107 s compared to an experimental value of about 10-2 s [1,2].

The discrepancy is resolved if one considers an additional and very powerful relaxation mechanism: the interaction between the 131Xe nuclear electric quadrupole moment and the fluctuating electric field gradients created during a molecular collision and being present at the nucleus.  But what about the 129Xe isotope which lacks a quadrupole moment because of its I = 1/2 and where one measures T1 values of the order 103 s [2]?  The solution had been found by [3].  He employed for his calculation a density-proportional “chemical shift” of the Xe resonance found by Carr and his associates [4,5].  Torrey used this shift as a means of calibrating the spin-rotational coupling which exists in a diatomic xenon system during collisions of xenon atoms.  Torrey showed that diatomic xenon molecules are less effective than atomic collisions in producing relaxation.

3. Isotope effect of the Li diffusion coefficient in Li metal 

Due to the lack of a suitable isotope, self-diffusion in lithium cannot be studied by the common radioactive tracer technique, hence measurements so far of the tracer self-diffusion coefficient DT have been carried out only by mass spectroscopy of the stable isotopes 6Li and 7Li.  There are, however, several determinations of the macroscopic self-diffusion coefficient DSD from measurements of the NMR spin-lattice relaxation times.  In all these studies one primarily obtains the Li hopping rates and determines DSD via the Einstein diffusion equation. DSD does not include the effect of spatial correlation of successive jumps and differs from DT by the correlation factor f.

We have performed the first direct measurement of Li diffusion coefficients DNMR in solid Li [5] by the NMR pulsed magnetic field gradient (PMG) technique [6].  The PMG method differs from the tracer technique with respect to the following points: (i) In the PMG method, it is the nuclear magnetic moment rather than radioactivity or mass that labels those atoms whose diffusion is studied; (ii) the labelled atoms are “natural” constituents of the solid and are not artificially introduced; (iii) the energies dissipated on the atomic scale during the PMG experiment are totally negligible; (iv) the experiment itself is non-destructive.  The PMG method therefore allows one to measure either the true self-diffusion coefficient, i.e. the isotope under observation has the same mass as the atoms of the crystal (for instance the diffusion of 7Li in pure 7Li metal), or impurity diffusion where a solute species such as 7Li diffuses in a 6Li matrix.  The PMG method which we have employed in several diffusion studies of superionic conductors [7] yields the diffusion coefficient in a straightforward way without any apriori knowledge of the diffusion mechanism.  Since the PMG method and tracer techniques essentially measure the same physical quantity defined via Fick's first law, we do not distinguish between DNMR and DT any more and denote both by D for short.

We have measured D for both 6Li and 7Li in three samples differing by their isotopic composition.  This allows us to check the isotopic dependence of the diffusion coefficient and to settle the long-standing question of the possible existence of a non-classical isotope effect in Li diffusion.  Furthermore, by combining  our  D  data  with  results  for DSD from  spin-lattice  rela-xation measurements, the spatial correlation factor f could be extracted.

The NMR signals of both lithium isotopes were observed with pulse spectrometers.  The conventional (/2 – ( radio-frequency (rf) pulse sequence yields the spin echo.  The magnetic field gradient pulses of amplitude G and width (, separated by a time (, are applied between the rf pulses and the echo.  By performing the experiment once with and once without the gradient pulses, yielding the echo amplitudes AD and A, respectively, the diffusion coefficient D can be inferred from the equation 
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The equation is valid if the steady background gradient G0 is much smaller than G. Typical values for G0 and G are 8 T/m and 0.01 T/m, respectively, and ( is of the order of 10 ms. ( defines the time during which diffusion is observed.


Fig.1 shows part of the results, for details see the figure caption. The errors quoted for an individual D value result from a fit of Eq. (1) to the echo amplitudes at a particular temperature. Thus, the error bars reflect short term fluctuations occurring during the measurement of a single D value which takes about one day.  Within the limited temperature range of our measurements the data suggest an Arrhenius behavior of the diffusion coefficient for each of the five sets of D values:  
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, where E is the activation energy.  Fur further details of the data evaluation see Ref.  [5], which, among others, yields new prefactors, D0.

To discuss our results in view of the isotope effect, we use the short-hand notation mD(n) which denotes the diffusion coefficient of the isotope mLi  in a matrix consisting principally of nLi. Among others, we got the result


[image: image4.wmf]12

.

0

02

.

1

)

6

(

/

)

7

(

0

7

0

6

±

=

D

D


[image: image1.wmf]>

<

g

=

2

4

2

4

1

v

2

1

R

n

T

h

Figure 1: Temperature dependence of the diffusion coefficients of 7Li in natural Li (open and full circles, sample I: 92.6 % 7Li, 7.4 % 6Li) and in enriched 7Li (triangles, sample II: 99.97 % 7Li) and of  6Li in enriched 6Li (crosses, sample III: 95.5 % 6Li, 4.5 % 7Li).  The open circles refer to a magnetic field of 2.11 T, all other symbols to 5.17 T. The lines are fits of an Arrhenius law to the 7Li data in natural Li and to the 6Li data in enriched 6Li, respectively, using a constant E = 0.561 eV. The data around 400 K are shown enlarged to better disclose the error bars. From Ref. 5.

The corresponding results from mass spectroscopy [8] are 1.27 ± 0.03 (above 383 K) and 1.35 ± 0.03 (below 383 K) which exhibit a striking isotope effect and which do not overlap with our result.

On the other side, one obtains, according to classical statistics, prefactors D0 ( m -1/2. For instance: 6D0 (6) / 7D0 (6) = 1.08 which agrees very well with our experimental value 1.07 ± 0.008. We therefore concluded that the isotope effect can be explained in terms of classical statistics.

4. Spin and charge dynamics in the Cu-O chains of YBa2Cu4O8
The high-temperature superconductor (HTSC) compounds YBa2Cu3O7 (Y123 for short) and YBa2Cu4O8 (Y124) contain single and double Cu-O chains, respectively.  Even though these compounds are among the most widely studied of the HTSC, no established consensus has been reached for the ground state and the low energy excitations of the single and double chains.  Because of the anisotropy of the electronic properties suggested by the crystalline structure and confirmed experimentally, the Cu-O chains present a good example of a quasi one-dimensional (1D) electronic conductor.

If probed by NMR or NQR, the chains of Y123 and Y124 do not exhibit simple metallic behavior.  For instance, the Cu Knight shift varies linearly with temperature, and the spin-lattice relaxation rate, 1/T1, increases approximately with the temperature cubed, while, in a simple metal, the Knight shift is temperature independent and 1/T1 increases linearly with temperature.

We have performed new studies of the Cu-O chains in Y124 [9].  Among others, we have measured the 63Cu and 65Cu NQR spin-lattice relaxation rates, 1/T1, as a function of temperature. Experience tells us that 1/T1, can be written as a sum of two contributions:
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The “magnetic relaxation rate”, RM, is related to magnetic field fluctuations at the nuclear site induced by the valence electron spins, while the “quadrupolar relaxation rate”, RQ, is associated with electric field gradient (EFG) fluctuations which can arise from valence electron and/or ionic charges.  In general, in NQR, the magnetic contribution, RM, is given by the expression [10]:
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where F(q), called the form factor, is the square of the Fourier-transformed hyperfine coupling constant, and (”(q,(Q) is the imaginary part of the dynamic spin susceptibility.

First, we decompose the Cu 1/T1 raw data into the magnetic and quadrupolar contribution.  This can be accomplished since RM is proportional to the gyromagnetic ratio squared, (2, and RQ is proportional to the quadrupole moment squared, (eQ)2. Writing Eq.  (2) for both Cu isotopes, the following ratio can be formed
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where the quotients a = 65RM / 63RM = (65( / 63()2 = 1.1477 and b = 65RQ / 63RQ = (65Q / 63Q)2 = 0.8562 are known.  Hence, y = 63RQ / 63RM can be calculated.  The results of the decomposition are shown in Fig. 2.  Note that RQ is about one order of magnitude smaller than RM.  The dashed line is a guide to the eye while the solid curve represents a fit to be discussed later.

In view of the 1D character of the band and of the sizable electronic correlations, we consider the 1D electron gas model [11] as most appropriate to analyze our data.  In this model, the direct electron-electron interaction is parameterized in terms of four coupling constants gi for left and right moving fermions.  In the limit of the Hubbard model, these coupling constants all reduce to a single interaction parameter, U.  A peculiar characteristic of this model is the complete separation of long wavelength charge and spin excitations, a phenomenon commonly called spin-charge separation. 

In a 1D metal, there are only two channels of magnetic relaxation: those induced by quasiparticles with q ( 0 and q ( 2kF. We thus write RM = RM (q ( 0) + RM (q ( 2kF). We have shown that the q ( 0 channel is dominating; it is related to the uniform spin susceptibility, (0(T), by the following equations:
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(3)

where Hhf is the hyperfine field at the Cu nucleus.  We stress that Eq.  (3) is a consequence of the dimensionality and electronic correlation of the system, and it should not be confused with the Korringa relation.
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Figure 2.Temperature dependence of the magnetic (RM) and quadrupolar (RQ) spin-lattice relaxation rate. The solid line is a fit to the data, the dashed line is a guide to the eye.From Ref. 9.

We have fitted the Cu relaxation and Knight shift (not shown here) data to our theoretical expressions [see Ref.  9], the result is the solid curve in Fig. 2 whose fit parameters agree very well with data obtained elsewhere; for details see Ref. 9.  The quadrupolar contribution, RQ, is relatively small compared to the total Cu relaxation rate.  We can safely exclude the phononic origin of the quadrupolar relaxation.  We believe that RQ is due to the charge carriers.  RM and RQ have different temperature dependences which is not expected for a simple metal.  This difference is an indication for the separation of spin and charge excitations expected in the framework of the 1D electron gas model.

5. Isotope shift of the opening temperature of the the spin gap

One of the central and heavily debated questions in high-temperature superconductivity research concerns the origin of the so-called pseudogap occurring in the normal state of underdoped superconductors. The pseudogap refers to the transfer to higher energy of the density of low-energy excited states.  In NMR and neutron scattering experiments, the pseudogap reveals itself as a  spin gap.  For instance, the Cu spin-lattice “relaxation rate per temperature unit”, (T1T)-1, increases with falling temperature and reaches a maximum at T *, which is a proper scale for the temperature dependence of the spin gap.  For YBa2Cu4O8 (Y124), the corresponding values are Tc  = 81 K and T * ( 150 K.

We detected anomalies in the temperature dependence of several NMR and NQR quantities measured in the normal state of Y124, for instance in NQR frequencies, Knight shifts, line widths, and relaxation times [12].  These anomalies, which occur around T † = 180 K, are the signature of an electronic crossover which involves enhanced charge fluctuations in planes and chains.  Because of the proximity of T † and T *, we have argued that the spin gap effect in Y124 is caused by a transition due to a charge density wave (CDW) instability [13].  Among others, we predicted a dependence of T * on the isotope mass.  Thus, corresponding measurements allow one to check the consistency of the CDW model.

We reported a high-accuracy NQR study [14] of the planar 63Cu nuclei in Y124, supplemented by susceptibility measurements, on 16O and 18O exchanged Y124 samples which revealed the presence of an isotope effect on both Tc and T *.  Both isotope exponents, defined as ( = – ( ln(T *) / ( ln(m) and correspondingly for Tc, are finite and have, within the experimental error, the same value.  This result is contrary to a study [15] which reported the absence of an isotope effect in the pseudogap of Y124 as determined by 89Y NMR. 

Fig. 3 presents our (T1T)-1 results whose general behavior is consistent with earlier measurements.  However, we were able to reduce the errors on the (T1T)-1 data to the extremely low values of approximately 0.3 %.  The maximum of the (T1T)-1 data of the 18O sample is higher than that of the 16O sample and it is shifted to lower temperature.
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Figure 3: 63Cu spin-lattice “relaxation rate per temperature unit”, (T1T)-1 , of 16O  (() and 18O (○) exchanged Y124 samples. The data is fitted to Eq.(4).  Insert: Zoom of the (T1T)-1 data around T *  From Ref. 14.

Since at present no theoretical derivation of T1 exists which takes into account the presence of the spin gap and its isotope effect, one must analyze the (T1T)-1 data with the help of a phenomenological function.  We used the relation
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which is frequently used in describing T1 data [16] and which is based on a function used to describe properly the dynamic susceptibility data in the presence of a spin gap, as determined by neutron scattering measurements.  The factor CT -a, with a ( 1, takes into account the high-temperature Curie-like divergence of (T1T)-1, and the hyperbolic tangent describes the temperature dependent gap.  ( is a measure for the gap and it is the only parameter allowed to differ for the two sets of data.  To improve the confidence level, we have replaced T by the expression T' = T + a0 + a1/T + a2/T 2 where each of these three parameters is required to have the same value for the two data sets, i.e. (, which is a measure for the gap, is the only parameter allowed to differ for the two sets.  It is important to stress that T *, defined as the maximum of Eq. (4) , and ( are strictly proportional, so that also T * can be used as a proper parameter for the temperature scale of the gap.

The best value of the T * shift is 0.96 K resulting in an isotope exponent (T* = 0.061(8) which agrees quite well with the corresponding exponent (Tc = 0.056(12) for Tc as determined by SQUID magnetization measurements.  This fact seems to confirm the growing evidence for a common origin of the superconductivity and the pseudo gaps.
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