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We present a NMR pulse double-irradiation method which
allows one to separate magnetic from quadrupolar contributions in
the spin—lattice relaxation. The pulse sequence fully saturates one
transition while another is observed. In the presence of a |Am| =
2 quadrupolar contribution, the intensity of the observed line is
altered compared to a standard spin-echo experiment. We calcu-
lated analytically this intensity change for spins | = 1, £, 3, thus
providing a quantitative analysis of the experimental results. Since
the pulse sequence we used takes care of the absorbed radiofre-
quency power, no problems due to heating arise. The method is
especially suited when only one NMR sensitive isotope is available.
Different cross-checks were performed to prove the reliability of
the results obtained. The applicability of this method is demon-
strated by a study of the plane oxygen O (I = 3) in the high-
temperature superconductor YBa,Cu,Og: the 'O spin-lattice re-
laxation rate consists of magnetic as well as quadrupolar
contributions.  © 2000 Academic Press

Key Words: NMR; NQR; double-irradiation method; spin-lat-
tice relaxation; quadrupolar relaxation.

1. INTRODUCTION

The work presented in this paper has been motivated by

experience in condensed matter nuclear magnetic reson

In a previous study12), we discussed the multiexponen-
tial recovery for the case of a static quadrupolar perturbe
Zeeman Hamiltonian in the presence of both magnetic ar
quadrupolar fluctuations under the assumption that the spi
exchange coupling can be omitted and the eigenfunctions
the static Hamiltonian can be approximated by Zeema
eigenfunctions. We found that, in a surprisingly large regio
of the parameter space spread by the probabilities for ma
netic and quadrupolar induced transitions, it is almost im
possible, within experimental errors, to separate magnet
and quadrupolar contributions to the relaxation. Instead, tt
“dominant” contribution determines the time evolution of
the recovery law; i.e., the system can approximately b
described by asingle time constant,T;". However, it is
questionable whether this approximation is meaningful i
the presence of mixed relaxation or whether it is mor
appropriate to describe the system by sle@aratetransition
probabilities.

If the nucleus under consideration ha® magnetic isotopes
as in the case of coppe¥’Cu and®Cu), the admixture can be
%sétimated from the ratio of the relaxation timé&s, Neverthe-
eSs, the precision needed for a reliable interpretation of th

ance’ . .
ra%o is commonly underestimated.

(NMR) experiments that quite often both magnetic and qua- . o ) .
drupolar time-dependent interactions are present, causing sp'nl—n this publication we will present a method, which enable

lattice relaxation. The question arises whether it is possible gexpe.rimentalist.to separgte th_e different contributions of tf
deduce, directly from the experiment, the admixture of the twiN—1attice relaxation especially in the case where the eleme
different contributions to the overall relaxation. under consideration has onbyne NMR sensitive isotope. The
The literature contains mainly calculations of multiexponerffn€thod involves a special initial condition of the spin syster
tial magnetization recovery laws for the case of eitherely Which we call dynamic saturation and which had already bee
magnetic opurely quadrupolar fluctuations, with Andrew andmentioned briefly in our previous workl%). The method
Tunstall (1) being the first to treat the case of a static quadriprésented here is an extension of the pioneering work of Pou
polar perturbed Zeeman Hamiltonian (spin= 2, ). These (13).
calculations were extended to higher spi@sg and to the  The paper is organized as follows. The next section wil
case of a static quadrupolar Hamiltonig-g). MacLaughlin introduce the theoretical background essential to understa
et al. (10) treated the case of a static quadrupolar Hamiltonidhe method. In Section 3 we will give the results including ¢
(n = 0) with mixed fluctuations in a kind of perturbationdiscussion, and Section 4 will show experimental resultS®f
expansion, whereas RedHl) presented, for this case, an exaddMR in YBa,Cu,Og, including a more technical discussion of

solution in the limit of time approaching zero. the experiment.
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2. BASIC RELATIONS AND MASTER EQUATION (B|%€,|B))/% are transition frequencies. Ensemble averages a
denoted by. . .).

For simplicity and the reader’s convenience, we repeat partag long as the eigenfunctions &f, can be approximated by
ofou_r tregtment presented in Ret2]. The starting pointis the the eigenfunctions of a Zeeman Hamiltonian, i, >
Hamiltonian %o, the relevant relaxation matrix terms for magnetic an

quadrupolar relaxation are given as
Hior = o + Ha(),

W= I(w,e) - {[(all “B)]2 + (a1 “[B)]}
where ¥, = ¥, + ¥, describes the time-independent (or wadd_ 1) . . )
“static”) Hamiltonian which comprises the Zeeman interaction, W™= 3% (@) - {all "1, + 14 7(B)]
7., with the external magnetic field and the quadrupolar in + Kl 71, + 1,17 ]BY 3
teraction, ¥, with the internal electric field gradient (EFG) wadz_ 12 ol onla IR
tensor.9¢,(t) takes into account fluctuations: it is the sum of a  Wag™“= 3@ (w.p) - {[{a|(17)2B)[* + [{a[(1 7)?[B)] %}
magnetic and a quadrupolar contribution,

The J's are the spectral densities of the fluctuating fields,

%1(0 = %mag(t) + %quao(t)n [1]

i

where J(w) = ZJ dr explio7)[h,, h_]

%mag(t) = _ﬁ%ﬂ : h(t)

%qua({t) = 4|(2e|Q_1) k:E,Z Vk(t)Tzk(l )

2 ©
J12() = (eﬁQ) f dr explio)[Vi1o Vo1l

with [A, B] = (3)(A(7)B(0) + B(1)A(0)), h. = h, = ih,,

Here, | is the nuclear spin operatoh(t) is a fluctuating Ve1 = Vi = IV @ndVe, = 3 (Vi = V) = iV,
magnetic fieldV,(t) is a component of the fluctuating EFG, !f 2 andd(, are of similar magnitude, the situation is more
and T,(1) are spherical tensor operatofs}( 15. complicated. The case gfurely magnetic fluctuationspr

In Eq. [1], nuclear spin-exchange terms were omitted. If ezl = [, has been treated by various autharg,(18.
quadrupolar splitting, due t6¢,, is large compared to the N this paper, we will deal with the cagé,| > [[%,] and we
nuclear spin-exchange coupling, the time evolution of tBake the additional assumption that the spectral densities c
spin-lattice relaxation proceeds by the direct coupling to tf¢ @Pproximated by a S'[‘lgle value. This means that the inver
lattice. Cases where the nuclear spin-exchange terms are fhthe correlation timeg. ", of the fluctuating fields is large

portant are discussed in Ref4, (6. compared taw,,, that is, w.,7. < 1. One then obtains
The relaxation of the spin system toward its thermodynamic
equilibrium is described by the so-called master equation J(w) =J(0) =1 W
d \](1’2)((1)) = J(l'z)(O) =. quz
4t PO = W{P() ~ P(O)}. [2] | N .
and the resulting transition probabilities become
Here, P(F) is the population v_gctgr of the different energy W™ = W(l + m)(I — m+ 1)
levels with P(0) being the equilibrium value. The relaxation
matrix, W, is, in second-order perturbation theory, given by wakdl _ (2m—1)%1 - m+ 1)1 + m)
(19 m—m-1 7 T 21(21 — 1)2
T+m+m-1)
axpl |7 ) X1 -—m+D{l—-—m+2)
Wy = 73 dr equwaﬁT)<a|%l(T)|B><B|%l(0)|a> W?nlf?,’,z_z =W, 5
3 i 21(21 = 1)
W, =~ Wog, Our calculations were performed in the high-temperature limi
B#a i.e.,fiw,; < kgT, so that a further simplification takes place:

W,_s = W,_,. Figure 1sketches the various transition prob-
where|a), |B) are eigenstates o, and w,; = ((e|¥o|lay — abilities which are possible forgspin system. We assume the
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m and thea; are given by
-5/2
5W+W, _ 1 Ty -1
32— oW, a = Ny [(E") N(O)]jEjiv [6]
BW2/5'W,
A 910 W where the index refers to the line which will be observed, e.g.,
ow the central transition. Usually, the irradiated line and the ok
12 \ 910-W,  served line are the same.
BW+2I5W, We vyill now considgr an 'e.xperimetn't, Whi(?h we adyinamic
a ; 112 W, ' sgturatlon,wnh a §peC|aI initial condition; this pulse sequence
. will allow us to disentangle quadrupolar from magnetic con

tributions in the spin—lattice relaxation. We saturate a selects
line, g, for instance, by a long comb of pulses in such a wa
FIG. 1. Transitions between the spin energy levels effected by magnetioat the comb lengthT,, is much larger than 1/miky, Wi,
and quadrupolar spin—lattice relaxation processes for3 . W,) and that the pulse spacin@ep, within the comb satisfies
the condition 3, < T¢p < 1/max@W, W,, W,). This situation
contrasts with an adiabatic manipulation of the spin syste
spacings between the levels to be sufficiently unequal to sughere, with the spin system initially in equilibrium, a short
press spin-exchange transitions. radiofrequency (RF) pulse is applied to one of the transition:
To solve the master equation, Eq. [2], it is convenient ¢ the case of dynamic saturation, the initial condition must b
introduce some abbreviations. The population of lewé$ P,  calculated since the stimulating RF field causes transition
and we define the difference in population between adjaceith transition rateP., between the levelg + % andq — 3.
levels byP.1> = Pni1s — Pr; the equilibrium value of this Thus, for calculating the initial condition vector, the rate Eq

difference isn, = P.1(0) — Py(0). Thedeviation of the [3] must be extended in the following way:
population difference from its equilibrium value is denoted by

Nms12 = Pmir2 — No; the valuesN,,,,,, form the vectorN. d

Given the transition probabilities as shown in Fig. 1, we can dat N = (R + S)N + nyP.
write down, in compact form, the following “reduced” master
equation forN,

5/2

S is a square matrix with all elements zero exc8pt, , = Pk,

S,q = —2Pge P is a vector with all the elements zero excep
d Py:1 = Pre Py = —2Pge For dynamic equilibrium, when
— N =RN, [3] dN/dt = 0, we have

N(«) = —nyo(R + S) *P.

where R is the reduced relaxation coefficient matrix. The ) o »
solution of Eq. [3] is of the form N(e), which becomes the initial condition vectd(0) for
solving Eq. [3], is calculated under the assumption that>
max(W, W,, W,). The exact formulas fdi(0)/n, are given in

N,(t) = 3 [(ET)"*N(0)]E;exp(th)), [4] the Appendix.

3. TRANSITION ENHANCEMENT
BY DYNAMIC SATURATION
where); andE are the eigenvalues and the eigenvector matrix ) S
of R, respectively, ané&™ denotes the transpose Bf N(0) is Let us deal, for the_: mqment, with the spec_:lal situation o
the vector describing the initial condition of the spin systeUreé magnetic relaxation, i.eW;, W, = 0. In this case, after
into which it has been brought during a certain preparatidfynamic saturation, thal(0)'s for all spin valued = 1 take

period. the form
Once theN(t) are known, the corresponding time-depen
dent magnetizatiorlyl(t), is obtained, N(0)/ny=[0,...,0,-1,0,...,0,

where—1 refers to the irradiated line. This equation reflects th
M(t) = M()[1 — D, aexp(tA;)] [5] following behavior. On the timescale of the spin—lattice relax
i ation, T, = 1/(2W), the new population differences are the
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same as in the case of thermodynamic equilibrium, except for Epentral b Ecentral
the irradiated line. That means that a spectrum obtained by nner %ngr
adiabatic manipulation (e.g., in a standard spin-echo experi- 2.0 TET— . 2.0 /‘5'1 aSse==—as
ment) is identical to the corresponding spectrum due to dy- _,;1 P 5/0-996 J—
namic saturation, except for the irradiated line. This is not true 1.5} ' PP 1.5 /0'997
anymore in the case of mixed or pure quadrupolar relaxation & S 1 10— L0997
we will show now. R S VI LR 0999
The intensity of a specific transition which we observe Wil L 1.06— = i ]
be denoted as follows. For the transition— m — 1, | is 05p =~ 04— 0'5;' ]
measured by an adiabatic pulse sequence as in the case of @ ~p————1.02— _ . ' . ]
standardr/2 —  spin-echo experimenti refers to the same Qo0 o T Ts h0 Y90 0E o TR 5o
transition, however, in the presence of dynamic saturation of W, /W W/W
the transitionn — n — 1. Given this notation, we define an
enhancement factdry
outer outer
mn N(0) I-:-inner d Ecentral
En yn:1+( ) . 2.0 prrermey 2.0 e e
m= |m n 1.09 ] t0.988 ]
ad 0 /m-1/2 L 1.08— ] L —0.990
150 47— 15 0992——

With the results of the Appendix we get, forinstance,foraspiaz L 1.06— s 0994 —
| = 3 system with the central transition being dynamicallygf\”'o F—1.05—7 ;Nm F—————0.996—3
saturated and the inner satellite being observed,

- 1.04 ]
05f———1.03——= 05F ]
C 1.02— [
Eﬁ?n”é{a'=1+us/§1 0_0...,-....-....:1'01: 0oLy
00 05 10 15 20 00 05 10 15 20

ws = 45W,(10W + 2W, + W,) W1/W W1/W
£, = 4000W? + 1000WW, + 40W7 + 1100WW, _ _
FIG. 2. Contour plots of the enhancement for a spis 3 system in the
+ 160W,W, + 45W§. case of mixed relaxation. (a) and (b) correspond to saturation of the cent

transition, and (c) and (d) to saturation of the outer satellite.

The enhancement factor @ein the case of pure magnetic
relaxation but it is nontrivial in the case of mixed or purexcept for the € 2, ) transition, the same levels &% does,
quadrupolar relaxation. which has no effect on the enhancement function. Therefor
That the enhancement factor is a nontrivial function of th@easuring the enhancement yields information only about tt
relaxation process was already noticed by Poul®),(who quadrupolarAm = 2 transitions.
used it to show that the relaxation éiNa( = £, 100%
abundance) in NaNQis purely quadrupolar. 4. EXPERIMENTAL DETAILS
Figure 2 shows, for a spih = 3 system with mixed relax-
ation, contour plots of the enhancement factor as a function ofWe will discuss experimental details guided by our study ©
W,/W and W,/W. Similar results, however less pronouncedhe high-temperature superconductor ¥8a,0s; these inves
are found for other combinations of — n — 1 andm — tigations will be published elsewher&9).
m— 1. The experiment was performed by using a combination c
The characteristic results are as follows. (i) The enhande/ standard pulse spectrometers together with a magne
ment effect is less pronounced in the case of mixed relaxatifield of B, = 8.9945 T @,c). The resonant circuit was
as compared to pure quadrupolar relaxation. This makesda@mped by a 1% resistor in order to achieve a broad fre-
more difficult to detect the effect, although not impossiblguency range. The resonance signals were obtained by a ph
because of the very high time stability of modern spectromakernating add—subtract spin-echo technique similar to th
ters. (ii) There is always at least one transition with an appréescribed in Ref.20) followed by Fourier transformation of
ciable enhancement factor [e.g., the cases (a) and (c) in Fig.tBE spin echo.
whereas the other transitions are “depressed” [cases (b) anEach experiment consists of a certain combination of puls
(d)]. This feature can be used for cross-checking the expesequences which are shown in Fig. 3. To meadyye we
ment if one is able to observe both transitions at the same tinagply thesaturationand thedetectionsequence. In the first
this will be demonstrated in the next section. (iii) The enhanceequence, dynamic saturation of the> n — 1 transition is
ment factor depends only weakly &,/W sinceW, connects, achieved by applying pulsés and D. The spacing between
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Tot Figure 4, top (b), presents tHéD spectrum after dynamic
T saturation of the central transition and Fig. 4, top (c), gives tr
° ﬁl difference between the “saturation” and the “standard.” Be
Tep AB cause of the shorA and B pulses, all transitions can be
2w Echo observed. Obviously, the central transition is saturated; no
the “negative” intensity. Whereas the central transition of th
Cc |D C D ” C D o] plane oxygen is totally saturated, the central transition as we
\_V'_J
: Detection- : —
Saturation-Sequence Sequence Heating-Sequence 2.0 g - T T %i’; ™
FIG. 3. Pulse sequence used in the experiment. Details are described in the f_i_"é § é @ 8 o :
text. s 9 = ge
o _2 @ O 5©
1.5 £3 @ @ O,
=1 (]
these pulsesT¢,, has to be much larger thah, and much 58 £ i I

shorter thanT; i.e., 5T, < Tep < T, (Tep = 1.5 msin our =
experiment). The length of these pulses is chosen very lar§ 1.0
(20 ws) in order to saturate the — n — 1 transition only. 4
Furthermore, we change the phase betweeiCthadD pulses @
by 90° to get rid of possible coherence effects. The total lengts,
of the saturation sequence,, has to be of the order of the'g 0.5
longest effective relaxation time. Tlietectionsequence is the @
usual spin-echon/2-m pulse sequence. Here, we use veng
intense pulses (the/2 pulse length is about is) to observe
both the central transition and the high-frequency satellites in

a single shot.

In order to measuré,,, we apply, of course, the detection
sequence, but it must be supplemented eatingsequence.
Since pulsing heats the sample, a comparison of line intensities
of different experiments (standard spin echo and dynamic
saturation) requires constant sample temperature. This is
achieved by making the heating and the saturation sequence
identical so that the total power absorbed by the sample is the
same in either case. In other words, the total length of the pulse
sequenceT , is kept fixed T = 400 ms in our case). From @1-5
our previous experiments on the isotope effect of the spin gap'€
(22) we know that, at about 95 K, a constant temperature is =
achieved after running the heating sequence for about 5 min. AS1.0
combination of all three pulse sequences is used to cross-check™

our results; this will be discussed further below.

To illustrate the method, we presenfO spectra from
YBa,Cu,O, taken afT = 95 K; see Fig. 4This superconduc-

n
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tor contains, beside the apex oxygen, plane oxygen sites, O(2)

and O(3), in the Cu@plane, where superconductivity takes

0.0

place, and a chain oxygen site, O(1). Since the magnetic shifts

of the different sites are very small in this compougd)( the

lllIllIlIlll

o

T=95 K

central transitions of all sites coincide. Here, we are only OBk« 1
interested in the plane sites. Figure 4, top (a), shows"the
spectrum as obtained by Fourier transform of the standard

IIIlIllIIIIlIIIIIIIIIIII

52.00 52.25 52.50 52.75

v (MHz)

echo. All central transitions coincide and all O(1) satellites

nearly coincide, while inner and outer O(2, 3) satellites are we!
separated. The splitting of these satellites is due to the orth@

|FIG. 4. Top: (a) YO central transitions and high-frequency satellites of
ane oxygen, O(2) and O(3), and chain oxygen sites, O(1), in,€B&s. (b)
f)éctrum obtained after dynamic saturation of the central transition. (c) Di

hombic symmetry § = 3.8411 A,b = 3.8718 A) of the ference of (b) and (a) spectrum. Bottom: Analogous to top panel, but wit

crystal.

dynamic saturation of the outer satellite.
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as the satellites of chain oxygen is not. This is due to the fact 1.30
that the chain oxygen nuclei have a considerably shdrter
than the plane nuclei and that the pulse sequence was opti-
mized for plane oxygen. That this is actually true can be seen
from Fig. 4 bottom, which shows the symmetric experiment
where we dynamically saturated the outer high-frequency sat- 129
ellite.

The most important feature is the remainjpggsitiveintensity
of the difference spectrum at the position of the inner high-o 1-1°
frequency satellite. According to the discussion above and, i
particular, the contour plot of Fig. 2a, this intensity enhancement 4 44
clearly shows that there is a quadrupolar contribution to the
relaxation of the plane oxygen nuclei. This conclusion is sup-

1.25
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ported by the fact that the intensity at the position of dlger 1.05 %

high-frequency satellite is almost zero [see Fig. 4 top (c)] in %

agreement with the contour plot of Fig. 2b. joob ] T $ ~~~~~~ T
The amount of quadrupolar admixture to the overall spin— C + ‘i .

lattice relaxation is determined as follows. Experimentally, the r ]

intensity enhancement of the inner satellite (when the central 0.950 ——— o 360' E—
transition is dynamically saturated) is 1.13(2) which then re-
sults in a ratioW,/W = 1.4(3) according to Fig. 2a. If we Ts (ms)
saturate theouter high-frequency satellite, the intensity en- 130 — — — —
hancement of the inner satellite is 1.04(2), leading to a ratio of
W,/W = 0.7(4)according to Fig. 2c. The weighted average is 4 5
W,/W = 1.15(25).

Even though the values a,/W overlap within the esti
mated errors, it is worthwhile to ask whether their discrepancy 1.20
is of physical origin. As stated in Section 2, we explicitly
excluded spin-exchange coupling when deriving the enhance-
ment factor. However, if present, this coupling could lead to o
the observed difference. If the central transitions, which coin=x
cide for all different oxygen sites (as mentioned above), are 1.10
saturated, then flip-flop transitions between oxygen at different
sites will be suppressed and, since the quadrupolar coupling
differs from site to site, there imegligible spin-exchange
coupling between the satellite transitions. Therefore, our de-
scription presented here holds for dynamic saturation of the 1,09

1.15

~
-

1.05

TT T T D T T T T [ T T T T [ T T TP

central transition. On the other hand, if one dynamically satu- C 1 ]
rates the outer high-frequency satellite, flip-flop transitions can C % ]
Fake place beMeen the central transitions, trying to “thermal- 0950 oo 200 300 200
ize” them. This then leads to a reduction of the enhancement T, (ms)

S

for the central transition as well as for the first satellite, since

they share a common energy level, which could explain theFIG. 5. Top: Gradual saturation of central transition. Full (open) bullets

observed discrepancy of the enhancement obtained betwesgresent the intensity enhancement of the inner (outer) high-frequency sa

the saturation of the central line and of the outer satellite. Sinf%s' Bottom: Gradual saturation of outer high-frequency satellite. Bullet

. . . i riangles) represent the intensity enhancement of the inner high-frequen

Fhe |_n\_/olved t|me§cales for fl|p-flop transitions are unknown, It e (central transition).

is difficult to estimate the magnitude of these effects. We

believe, however, the higher value foW,/W to be more

reliable, since it stems from the dynamic saturation of the Fig. 3.T,is the duration of the saturation sequencel Bye

central transition. Hence, the weighted averageV¥ofW is a denote the intensity of a line in case of gradual saturation whi

lower estimate for the true ratio &%, andW. I, is the intensity of the line in the standard spin-echo sequen
To cross-check the results, we also performed an experiméntluding the heating sequence). Thgeadual intensity en-

with the so-calledyradual saturation sequenaghich involves hancements then defined akJ/l,. In Fig. 5,we have plotted

the application of all three pulse sequences as they are shdhis enhancement for the central transition (top) and for th
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outer satellite (bottom) as a function @f. Bullets refer to relaxation rate consists of magnetic as well as quadrupol
inner satellites (top and bottom), open circles to outer satellitesntributions.
(top), and triangles (bottom) to the central transition.

For shortT,, the inner satellites (denoted by bullets) are APPENDIX: ANALYTICAL FORMULAE FOR INITIAL
strongly enhanced as expected, since in the case of ansitizal CONDITION VECTOR
pulse (adiabatic manipulation) at the central transition or outer
satellite, respectivelyl,/I, should reach the value 1.5. Due to
spin-lattice relaxation processes this value decays toward aN(0) H«
limit which is 1 (for T, reaching a value corresponding to n, [g’ _1]’ o= 2Wo, = 2W A W, o+ 2W,.
dynamical saturation) in the case of pure magnetic relaxation

Al Spinl=1

and different from 1 in the case of mixed or pure quadrupolar A2. Spinl =3
relaxation. . ) .
The response of the outer satellite and the central tran€}) Dynamic Saturation of the Central Transition
tion enhancement is retarded, since spin—lattice relaxationN(0) [ pu w
processes need some time for “pumping” these transitions. |, ~ = | 7 - -1, g]’ =W, £=3W+ W, + W,

This explains the enhancement maximum arodnd= 40
ms, before the enhancement starts to diminish toward 1 Dynamic Saturation of the Satellite
the limit of dynamic saturationT; = 300- - - 350 ms). In N©) [
this limit, that is, forT, — 1/min(W, W;, W,), we have, = o

according to Section 3 and Fig. /1, — E»? This is the Mo L ¢ ¢
results discussed above. w1 = WL(3W + W, + W,)

Due to technical reasons, we always applied the saturation _ )
pulses in pairs, i.e., on@ pulse followed by @ pulse. This is Ho= — Wz
the reason why in Fig. 5, fof, — 0, the open circles and = 12W? + 4AWW, + 10WW, + 2W,W, + W3,
triangles (outer satellite and central transition, respectively) do
not approach 1, as one would expect, since the second flse (
pulse) already pumps the higher transitions.

The experiment performed shows that the spin—lattice relage) Dynamic Saturation of the Central Transition
ation process contains a strong quadrupolar contribution which
could not be detected otherwise so far. The discussion of the o
origin of this effect, which arises neither from phonons nor "o SRS
from defect motion of ions, as well as its temperature depen- s = —9W?2
dence will be given elsewheré9).

A3. Spinl =3

N(O): Ba s Ps Ma
"0 b

s = 45W,(1OW + 2W, + W,)
5. SUMMARY ¢, = 4000W2 + 1000WW, + 40W2 + 1100NW,

We have presented a pulse double-irradiation method + 160W,W, + 45W3.
which allows one to separate magnetic from quadrupolar
contributions in the spin-lattice relaxation. The pulse séb) Dynamic Saturation of the Inner Satellite
quence fully satu_rates one transition whlle. gnother is op- N(0) e te K7 s
served. The clue is that the observed transition changes its =|—, -1,
intensity if and only if  Am| = 2 quadrupolar contribution Mo £ L& b
is present; the change is monitored with respect to a stan- s = W,(8000W? + 2000W?W, + 80W W3
dard spin-echo experiment. We calculated analytically this ) )
intensity change for spins = 1, 2, 3, thus providing a + 3800N°W, + 720N WW, + 16WiW,
guantitative analysis of the experimental results. Since the + 440WW5 + 46W, W3 + 9W3)
pulse sequence presented takes care of the absorbed radio- ) ,
frequency power, no problems due to heating arise. The M7~ —OWL(10W + 2W, + W,)

method .is esp_ecially §uited when onbype NMR sensitive s = OW3(1OW + 2W, + W,)

isotope is available. Different cross-checks were performed

to prove the reliability of the results obtained. » = 80,000V* + 36,000V°W; + 4800N>W3
The applicability of the method is demonstrated by a study + 160WWE + 8200W2W2 + 46,000M3W,

of the plane oxygen”O (I = %) in the high-temperature
superconductor YB&£u,O,. We showed that the spin—lattice + 16,800V2W, W, + 1680WWAW,
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+ 32W3W, + 2060WW, W3 + 108W3W3
+ 530WW;S + 64W, W3 + 9W3.
(c) Dynamic Saturation of the Outer Satellite

NO) _[_] Mo Mo Bu po
No R CO SR &

+ 3800W3W, + 720WW,W, + 16W3iW,
+ 440WW2 + 46W, W2 + 9W3)
o= —W35(800W? + 200WW, + 8W?
+ 220WW, + 32W,W, + 9W3?)
w1 = OWS(10W + 2W,; + W,)
piz= —9W;
{3 =128,000V* + 38,400N3W, + 2880W3W?
+ 64WW; + 83,200N3W,
+ 20,160NV?W,W, + 1056WWAW,

+ SWAW, + 16,24002W2 + 27 44N W, W2

+ 3EWIW3 + 980WWS + 322W, W3 + 9W3.
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