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We separate the contributions of spectral spin diffusion and
chemical exchange in the 2D exchange NMR spectra of ®Rb in the
pseudo-spin glass Rb,_(ND,),D,PO, by studying the ¥Rb spin
diffusion in the isostructural compound RbH,PO, at 85K, where
the system is frozen in the ferroelectric phase state. The fact that
the spin—diffusion time (Tsp) of a particular point in the 2D
spectrum depends essentially on its distance from the diagonal,
allowed, even for the case of an unresolved 2D spectrum, to
determine T as a function of the frequency separation A over two
orders of magnitude. In accordance with existing theories, Ts3(A)
was found to be of Gaussian shape. However, we found huge
discrepancies between the calculated and the experimentally de-
termined second moments. This failure of the theory is not under-

external magnetic field, and the vector connecting the
interacting spins. It follows that spectral spin diffusion depend
on the crystal orientation. This orientational dependence
strongly enhanced when the difference of the NMR frequencie
of the interacting inequivalent spins also depends on the crysi
orientation. This is the case in the presence of quadrupol
splitting. In a manner similar to the case of chemical exchang
we can define a characteristic tifig, which is the correlation
time of the mutual spin flips. While we can expect a sinblg

in a translational invariant system, a probability distribution o
Tsp's has to be expected in an inhomogeneous system becal
of lattice defects, disorder, etc.

stood at present.  © 1999 Academic Press The separation of the two effects in the case when tr

spin—flip correlation timeTs, is comparable to the single
particle autocorrelation time, is very time consuming because
the number of 2D spectra to be recorded is multiplied by th
number of different external parameter settings. Instead
The investigation of spectral spin diffusiob+3) in solids by studying the contribution of spin diffusion in a system where
means of two-dimensional (2D) exchandgfuclear magnetic also chemical exchange is present, it is advisable to look for
resonance (NMR) is important because this mechanism oftefated system where one of the mechanisms is certainly dol
masks the effects of slow chemical exchange which is in fac@ant.
the true aim of such a study. The two mechanisms cannot béVe demonstrate this for the case of the pseudo-spin-gla
distinguished in a 2D exchange NMR spectrum without addrb, ,(ND,),D,PO, (D-RADPx) (5-7) and the isostructural
tional information. To separate the two effects one has first ferroelectric RoHPO, (RDP).
consider their specific properties. In D-RADPx for 0.35 < x < 0.7, chemical exchange
Chemical exchange and spectral spin diffusion depend difersists down to very low temperatures. RDP, on the oth
ferently on external parameters: (i) Chemical exchange is inand, exhibits an order—disorder phase transition from a par
dependent on the coordinate system (i.e. in nonmagnetic sgkectric (PE) phase to a ferroelectric (FE) one with a transitio
tems it is independent on the orientation of the externtdmperaturd . = 147 K. The phase transition is characterizec
magnetic fieldB,), but strongly temperature dependent becaubg the ordering of the protons on the O~H- O bonds con-
of thermal activation. The evolution of the 2D-exchange NMRected with the breaking of the PE tetragonal symmetry fror
spectrum is governed by a single particle autocorrelation tiné2d to the orthorhombic FE symmetrizdd2. Since the
7.. (ii) Spectral spin diffusion is the transfer of longitudinaproton motion is the unique chemical exchange process pres
spin order through a spin system via mutual spin flips. It can the system and since it freezes-out at the phase transitic
take place betweeaquivalentspins in an energy conservingonly spectral spin diffusion is left at low temperatures. Thu
way, but also betweeimequivalentspins with energy conser- T, < 7. in the ferroelectric phase of RDP. This means that an
vation provided, e.g., by lattice vibrations, which indirectlyff-diagonal intensity in a 2D exchange NMR spectrum cal
introduce a certain temperature dependence. The responssiaitely be assigned to spectral spin diffusion.
interaction is the so called spin—flip term in the nuclear dipole— Because of the structural similarity of RDP and D-RARP-
dipole Hamiltonian. This term contains an angular dependenmee can characteriZ&Rb spin diffusion in the RDP system and
of the form (3 co% — 1), whered is the angle between theadapt the results to D-RADR- In this way the distinction
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between chemical exchange and spin diffusion in 2D NMRnd the vector; connecting the two nuclear spipgandk. y
spectra of glassy D-RADR-should be possible.

In the next section we shall present the theory necessary td’he spin diffusion rate is here described as a product of
investigate spectral spin diffusion betwe&®Rb spins in FE normalized Gaussian expressing the dependence on the ang
RDP. Section Il is devoted to the experimental part of thisequency differencel and a factor containing the flip—flop
work. Section IV treats specifically the cases of intra- anérm of the dipole—dipole interaction. The Gaussian can &
interline spin diffusion in FE RDP. In Section V the experithought of as resulting from an overlap integral of two Gaus

is the gyromagnetic ratio of th€Rb spins involved.

mental data are discussed and interpreted based on the cstmss with variancé,/2 and a frequency separatidn
relaxation theory. Since we are interested only in the central line of tfiRb
guadrupolar spectrum, we evaluated the traces in Egs. [1] a
Il. THEORY [2] taking into consideration exclusively the mutual spin flips
between the statesi. The rate of mutual spin flipg/ and the

The interest in spin diffusion began with the discovery ofecond moment, are then expressed as
heteronuclear cross-relaxation in the laboratory frame. Modern
techniques like coherence transfer under magic angle spinning o \Y? A?
(MAS) conditions have kept this interest alive. A milestone in W~ 58,9, 87Rb)(2|\/|2> exp< - 2M2) (6]
the understanding is certainly the work of Suter and Erfst (
where spectral spin diffusion is treated in great detail. Never-
theless, we will show that the prediction BRb spin diffusion
times in a system like ferroelectric RDP fails by orders of s.(9. “Rb
magnitude. The reason for this might be the presence of qua- — (9, )
drupolar splitting and inhomogeneous line broadening, as well 20 TS0, URb)
as the random distribution 6fRb and®’Rb isotopes?’Rb has
a natural abundance of 27.835%. Since the aim of this analy$tse numerical coefficient in Eq. [6] has its origin from
is to use the results of RDP for the case of D-RABDRor
discriminating the effects of spectral spin diffusion and slow 2TH(V?)
motion, a less rigorous description is sufficient. Following Tr(12)
Goldman 8), the rate of mutual spin flips is of the order z

[7]

= 55,(9, ¥'Rb) [8]

in the case of mutual spin flips between the statéswhile S,

2T %) (W)UZ p<_ AZ) (1] and S are lattice sums over th8Rb sites defined as
Tr(1%) \2M, 2M,) "’
, < (1 —3cos)?
whereA = 27w is the difference of the resonance frequen- S(9) = K* X s (]
cies v; and v, of the spinsj and k (vy = |v; — ), =k :
respectively, and the second moméfy is given by (1 - 3 cogh,)’
Su(9) =KX A [10]

T, VD) ‘*k

2= T TTVY (2]
whered is the angle betweeB, and thec-axis of the crystal.

For the numerical calculation &, andS, we have chosen

with the origin of the coordinate system to coincide with the dpin
Around this site the Rb lattice was constructed. In order to hax
(1-3 cosy) convergence of the sunts, and S, it was sufficient to sum
Hp=K X T 115, [8] over5x 5 x 5= 125 unit cells. Because of tféRb natural
J

j#k

\Y,

K

4

_ o
47

j#k

y?h,

3
r]—k

(1% + 110K,

[4]

[5]

abundance, only a fraction of 27.835% ®Rb nuclear spins
contributes td5, andS,. Taking all this into consideration, we
have performed Monte Carlo simulations generating rando
distributions of*’Rb on Rb sites with a probability of 0.27835.
For each configuration, we have calculatdt, 2Tr(V?)/
Tr(12), andW(A = 0) from Egs. [6-8], using Egs. [9] and
[10]. The final results were obtained from averaging ove
10000 random configurations. They are depicted in Fig. 5 ar

where 6, is the angle between the external magnetic f&ld will be discussed in Section V.
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I11. EXPERIMENTAL a Avieg = 6.2 KHz

The single crystals of RDP were grown from an aqueous
solution using a standard convection technig8e The spin
diffusion measurements were made with a home-built NMR-
spectrometer in 8,-field of 7 T on *Rb nuclear spinsl(= 2).
The temperature was stabilized at 85 K in a continuous-flow
cryostat with an accuracy of about0.05 K. We used a
standard exchange pulse sequence with echo detection4) 90
t,—90_,—7,—90~d-9Q—echo measured with appropriate phase
cycling to remove unwanted signals caused by pulse imperfec-
tions and higher order echoes. For mixing times less than 1 ms it
was not possible to completely avoid phase distortions because of
nonrelaxed coherences which cannot be removed by phase cy- b
cling. For long mixing timesr,, > 7 s, the longitudinal spin lattice
relaxation reduced drastically the signal to noise ratio. The mixing
time 7,, was incremented from 1 ms to 7 s.

We evaluate the spectral spin diffusion®@®b (I = $) using
2D-exchange NMR spectroscopy on thé <> —3 transitions
in FE RDP. This central transition is subjected to second order
nuclear quadrupole shifts, which depend on the relative orien-
tation between the external fieB, and the electrical field
gradient (EFG) tensor at the site of the nucleus. For symmetry
reasons a line splitting occurs at the PE-FE phase transition.
Furthermore, an inhomogeneous broadening of the line is
observed §).

During the measurements the crystallographic a-axis wa$!G. 1. (a) Quadrupolar splitted central line of tfi&Rb 1D NMR spec-
perpendicular to the external magnetic fi@gand the c-axis trum. (b) Rubidium_sublattice (white _and black large ba_lls) ar_1d, emgps

. ° . . . . black small balls) in FE RDP. The inset shows the orientatioB pfvith

was tilted 7 away from |t: At this orlentatlon the 1I? spectru- bspect to the-axis.
of FE RDP exhibits two distinct resonance lines (Fig. 1a), with
a frequency separation that can be calculated from the crystal

orientation ). For this particular orientation it amounts g itaple for the main purpose of this work, namely to estimat
Avies = 6.2 kHz. _ the spin diffusion time for\ = 0.

The FE RDP structure consists of stacked RbrRers  kigure 2 shows the evolution of the 2D spectrum in the forn
which are related by “diamond” glide planes (e.n[0. 2 of contour-plots for three different mixing times. For increas
i}). Applying this symmetry element twice yields the translagng mixing times the diagonal peaks change from an ellipsoid:
tion {1[3, 3, 3} which is one of the basis vectors of the primitiveshape ¢,, = 1 ms) to a circular oner{, = 500 ms). This is due
unit cell. From this follows that there are four formula unitgo spin diffusion among equivalent spins resulting in the

(Z = 4) in the conventional body centered unit cell. growth of intraline cross peaks. Circular cross sections ai
Since the EFG tensor is invariant under basic translations Wstained only for Gaussian 1D line shapes.

find the same EFG tensor alternatively in every second layer ofFigure 3a shows a 2D exchange spectrum taken for a mixir
the Rb sublattice (Fig. 1b). As a consequence two Rb-NMitne of 500 ms with the projection of the cross section of
lines are observed in the FE phase, which can be assignedit@yonal peak perpendicular to the diagonal. This cross secti
the two different layer types. Due to crystal imperfections theonsists of a distribution of homogeneous lines with the width
two lines are inhomogeneously broadened. Spectral spin dit-half height (HWHM) corresponding to the inverse transvers
fusion can thus take place either among equivalé®ib spins relaxation timeT, *. Except for the very central line, all other
or among inequivalent ones, so that we can distinguish litres are intraline cross peaks caused by spin diffusion.
tween intraline and interline spin diffusion, respectively. Ear- The onset of interline spin diffusion becomes visible fqr
lier measurements in our grouf, (7) revealed a strong orien- > 200 ms in the form of resolved cross peaks as shown in Fi
tational dependence of the interline spin diffusion time. Thi for 7, = 5 s. Figure 3b displays a cross section through th
can be explained by the change of the interline frequentyp of the two inhomogeneously broadened cross peaks. The
splitting A on increasing the tilt anglé. The corresponding inhomogeneous cross peaks are a superposition of homo
data are shown in the overview Fig. 5. However, they were no¢ous cross peaks resulting from mutual spin flips of physicall
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to the diagonal and moves further away from it with increasin
T From this we conclude that we do not deal with a singls
spin diffusion time but with a distribution: the farther away
from the diagonal, the high€Fs,. Similar to the inhomoge-
neously broadened 1D spectrum that is a superposition
narrow 1D Gaussians, the 2D exchange spectrum is a sup
position of 2D Gaussians. We assume now that this continuo
distribution of Gaussians can be replaced by a discrete dist
bution of equidistant Gaussians both in one and two dimel
sions. A similar discretisation is already obtained from the 2L
Fourier transform. Moreover we assume that all of these 2
Gaussians are isolated from all neighbors as if they would n
be there. These assumptions allow to treat the intraline sp
diffusion like a set of interline spin diffusions. Possible draw:-
backs of this procedure will be discussed later.

Any pair of 2D Gaussians on the diagonal has a correspon
ing pair of off-diagonal 2D Gaussians, such that the four forr
a square in the,, v, plane. If we place the origin at the center
of this square, the diagonal lines have the coordinates ¢ v)
and (~v, —v), the off-diagonal ones{v, —v) and (v, +v).
The 1D-frequency separation of the two lines is thusvzhich
yields, from Eq. [1],A = 4mv. For symmetry reasons it is
convenient to select an origin which coincides with one of thi
maxima of the diagonal spectrum. Then we hi\er, +v) =
I(—v, —v) as long as the overlapping intensity of the secon
diagonal peak can be neglected. This choice of origin als
defines the cross section through the peak as shown in Fig. :

v The intensity ratio between the interacting diagonal 2D-Gau:
sians and the resulting off-diagonal 2D-Gaussians is given |
(10)
@ @ I(Tm, +v, —V) Tm
@O© R Rl SO -
For our purpose is more convenient to use an equivalent for
Tm =58 of Eq. [11]
Vi (T, +v, —V) = 3T =0, +v, +v)
FIG. 2. Contour plots of 2D NMR exchange spectra for three different X [1 — exp(—271/Tsp(v))] [12]

mixing times. The diagonal peaks change from an ellipsoidal shape (1
ms) to a circular one®, = 500 ms) because of spin diffusion among
equivalent spins. The onset of interline spin diffusion becomes visiblefor Wherel o is the total intensity involved in the exchange pro-
> 200 ms in the form of distinct inhomogeneously broadened cross-peakgess.
Because of the origin choice the intensities of the interactin
diagonal Gaussians are equal
inequivalent®Rb spin pairs. They appear at coordinates (
v,) and (,, v,) in the 2D plot, wherev, and v, are the (T =0, +v, +1) = l5(v)
individual resonance frequencies of the two spins.
= l,p(v = 0)exp(—v? 203) [13]
IV. EVALUATION OF THE SPIN DIFFUSION TIMES
where the Gaussian can be fitted to the 1D inhomogeneou:s
As already mentioned above and shown in Fig. 3a, theoadened NMR line we are considering, yielding a line widtt
orthogonal broadening of the two diagonal peaks corresporafsr, = 1.84+ 0.02 kHz. It should be noted that not the whole
to the growth of intraline cross peaks. This growth begins closgensityl (7., +v, —v) is resulting from spin diffusion. In fact,
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a t 1 (5, = 500ms,+v,-v ) b inhomogeneously o (T = 55,4V,-V )
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FIG. 3. (@) Intraline spectral spin diffusion cross peaks resulting from exchange between single homogeneously broadened lines for a mixindg0the
ms. Definition ofl™(r,,, +v, —v) as an orthogonal cut through a diagonal peak maximum. (b) Interline spectral spin diffusion cross peaks resulting
exchange between single homogeneously broadened lines for a mixing,fime s. Definition ofl ™ (r,, +v, —v) as an orthogonal cut through the global
cross peaks maxima.

inter| oo - intra oo -
as illustrated in the leftmost contour plot of Fig. 2, even for the I8ty o0, 4v,-v ) Ity —e0,+V,-V)

shortest mixing times there is a contributionl{a,,, +v, —v)

because of dipolar broadenirgr,, — 0, +v, —v) can be fitted

very well by a Gaussian with a standard deviatign= 0.68 =

0.02 kHz. Since we can hardly predict how this intensity is

reduced with growing-,, all fits with Eq. [12] were done for

|v| = 2 kHz. The results are shown in Fig. 4, where the intraline 102

spin diffusion timeT g%, (closed circles) is plotted vs. The

negative or positive values ofcorrespond to the left or right

side of the diagonal, respectively. Fot > 5 kHz the inten- | K

sities are so weak that the results are not reliable anymore. L | \//\ -
intra

Neverthelesd spe.fv) can be fitted with an inverted Gaussian ' /
(Fig. 4, dashed curve): 101

\ intra inter /
\ SD,exp SD,exp

T T T T
T~

T T T

Tso(v) = Tsp(0)exp4v 20%p) [14]

L

spin diffusion time [s]
LTS
o
e
o0
&7
o1 o
// ’O(
O
\\ |—O;{
o+ 10l
m\
—o
FOL . e
=N
—0—
Lo ool

yielding o853, of 3.93+ 0.12 kHz andT &2,(0) = 400 =+
50 ms.

For the interline spin diffusion the procedure is similar but
the origin is now shifted to the middle of the two diagonal
peaks (Fig. 3(b)). Since the intensltr,, = 0, +v, —v) of the
diagonal contribution is here much smaller, the fits with Eq. 10" ; e :
[12] give reasonably small error bars already|fdr= 0.8 kHz
as shown in Fig. 4, where the interline spin diffusion time v [kHz]

inter
Tspep WE measured is indicated by open circles. Agaln Eq. ‘FIG. 4. *Rb spin diffusion times vs frequency in FE RDP. Closed circles:

[14] (solid curve) is fitted to the data points, yieldingse., Of  measured intraline spin diffusion times. Open circles: measured interline sp
5.78 + 0.16 kHz andT{5,,(0) = 832 + 28 ms. diffusion times. Curves are fits with Eq. [14].
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FIG. 5. Comparison of measured spin diffusion times in RDP (ope
circles, stars, rectangular band) with calculated values\Wfbot A = 0 as a
function of the tilt angled between the crystalaxis and the external magnetic
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These values are by three orders of magnitude higher than t
ones calculated from Eq. [2] via Eq. [7]. In Figure 5 the inverse
square roots of the experimental dynamic second momer
M3 and Mjsr for a crystal orientation off = 7° are com-
pared with the inverse square roots of the second mome
resultsM342 and M3 from the Monte Carlo simulation. It is
clear that these values are far from being of the same order
magnitude.

In Fig. 5 we give an overview over all relevant quantities fol
the spin diffusion process in RDP. The direct comparison i
achieved by expressing all quantities in units of time. While thi
lines (solid, dashed, dotted) represent theoretical calculatior
the data points are derived from measurements. The rectan
lar band contains the spin diffusion times derived in this worl
at the tilt angled = 7° according to Fig. 4. The two stars
correspond to the extrapolation of the present measuremel
for A = 0. The dotted line corresponds to the right half of the
solid line in Fig. 4 using the transformed frequency scal
(upper scala). The open circles represent earlier measureme
performed in our group (6) of the interline spin diffusion time
as a function of the tilt angl@, which is the control parameter
for the interline splittingA. The maximum measurable values
of Tgp and with it the maximum tilt angle( = 11°) was
limited by T,. These earlier measurements did not allow for a
Bxtrapolation toA = 0. The two diamonds correspond to the
fitted parameterd/ s, and M3, of Eq. 14, whereas the full

field B, (dashed line: intraline spin diffusion; solid line: interline spin diffu-Circle is the measured homogeneouysThe evaluation of Egs.
sion). The upper horizontal scale is the value of A/4 corresponding to the [6] and [7] with the help of Monte Carlo lattice sums yielded
quadrupolar inter line splittind (). The dotted curve is the transformed rightthe values oW and M, as a function of the tilt angl@. The

half of the solid curve of Fig. 4. The homogenedugfull circle) is compared

with the experimentaM,*? (diamonds) and the calculateM¢(&)) '

V. DISCUSSION

With the results of the previous section the main task of this
investigation is fulfilled. We have obtained reliable values q
TepexfOr ¥Rb as a function of the line splittingg2which can
be adapted to the case of the proton glass D-RADP-50. How:-
ever, it is interesting to know how far this behavior can b
predicted from the theory of mutual spin flip presented in t

theoretical section.

Figure 5 gives an overview of the experimental and the

retical results presented in Sections Il to IV.

The fact that the experiment@ky(v) can be fitted very well
with an inverted Gaussian proves that we deal with the overla
integral of two Gaussians as predicted by the theory. h
corresponding dynamic second momeMs = (2mo)® of
Egs. [1] and [6] are obtained from the fit of the measured spin

diffusion times with Eq. [14]

MYt = (6.1 0.4) X 10° rad®s 2

Mie = (13.2+ 0.7) X 10°

rad® s 2

he

corresponding values fak = 0 are shown for the cases of
intraline (dashed lines) and interline (solid lines) interaction
They differ by orders of magnitude from the experimenta
values.

At present we do not have any explanation for this failure o
the theory so that we are left with the following questions. Why
H the apparent width of the two overlapping Gaussians ol
ained from the experimental dynamic second momemft§®(
= 2.8 kHz,o™" = 4 kHz) even larger than the static inhomo-
geneous line widthd, = 1.84 kHz)? This fact violates our
ISolation assumption of the previous section. But exactly thi
assumption made the problem tractable at all. Another questit
goncerns the influence of the temperature. How strong is tt
phonon assistance in spectral spin diffusion? Furthermore, \
have to ask whether it is really harmless to neglect the satelli
transitions in our treatment. We hope that our results and the
en questions will stimulate further work in this field.

VI. CONCLUSION

Our calculation of thé’Rb spin diffusion timesT g, in FE
RDP proved that the functiofisy(A) is a Gaussian (as pre-
dicted by the theory), whera is the angular frequency sepa-
ration between the interacting spins. The particular situation |
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FE RDP allowed that both intraline and interline spin diffusion3. A. Abragam, “The Principles of Magnetic Resonance,” Clarendon
times could be measured. However, discrepancies of more than”ress, Oxford (1961). .
three orders of magnitude were found between the theoretichl R- R- Emst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-

and experimental values of the dynamic second motkignin
particular, we observed that the dynamic second moment ex-
ceeds the static inhomogeneous line width by a factor of 2.
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