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We separate the contributions of spectral spin diffusion and
hemical exchange in the 2D exchange NMR spectra of 87Rb in the
seudo-spin glass Rb12x(ND4)xD2PO4 by studying the 87Rb spin
iffusion in the isostructural compound RbH2PO4 at 85K, where
he system is frozen in the ferroelectric phase state. The fact that
he spin–diffusion time (TSD) of a particular point in the 2D
pectrum depends essentially on its distance from the diagonal,
llowed, even for the case of an unresolved 2D spectrum, to
etermine TSD as a function of the frequency separation D over two
rders of magnitude. In accordance with existing theories, TSD

21(D)
as found to be of Gaussian shape. However, we found huge
iscrepancies between the calculated and the experimentally de-
ermined second moments. This failure of the theory is not under-
tood at present. © 1999 Academic Press

I. INTRODUCTION

The investigation of spectral spin diffusion (1–3) in solids by
eans of two-dimensional (2D) exchange (4) nuclear magneti

esonance (NMR) is important because this mechanism
asks the effects of slow chemical exchange which is in

he true aim of such a study. The two mechanisms cann
istinguished in a 2D exchange NMR spectrum without a

ional information. To separate the two effects one has fir
onsider their specific properties.
Chemical exchange and spectral spin diffusion depend

erently on external parameters: (i) Chemical exchange i
ependent on the coordinate system (i.e. in nonmagnetic
ems it is independent on the orientation of the exte
agnetic fieldB0), but strongly temperature dependent beca
f thermal activation. The evolution of the 2D-exchange N
pectrum is governed by a single particle autocorrelation
c. (ii) Spectral spin diffusion is the transfer of longitudin
pin order through a spin system via mutual spin flips. It
ake place betweenequivalentspins in an energy conservi
ay, but also betweeninequivalentspins with energy conse
ation provided, e.g., by lattice vibrations, which indirec
ntroduce a certain temperature dependence. The respo
nteraction is the so called spin–flip term in the nuclear dip
ipole Hamiltonian. This term contains an angular depend
f the form (3 cos2u 2 1), whereu is the angle between th
12090-7807/99 $30.00
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xternal magnetic fieldB0 and the vectorr connecting th
nteracting spins. It follows that spectral spin diffusion depe
n the crystal orientation. This orientational dependenc
trongly enhanced when the difference of the NMR frequen
f the interacting inequivalent spins also depends on the c
rientation. This is the case in the presence of quadru
plitting. In a manner similar to the case of chemical excha
e can define a characteristic timeTSD which is the correlatio

ime of the mutual spin flips. While we can expect a singleTSD

n a translational invariant system, a probability distribution
SD’s has to be expected in an inhomogeneous system be
f lattice defects, disorder, etc.
The separation of the two effects in the case when

pin–flip correlation timeTSD is comparable to the sing
article autocorrelation timetc is very time consuming becau

he number of 2D spectra to be recorded is multiplied by
umber of different external parameter settings. Instea
tudying the contribution of spin diffusion in a system wh
lso chemical exchange is present, it is advisable to look
elated system where one of the mechanisms is certainly
nant.

We demonstrate this for the case of the pseudo-spin-
b12x(ND4)xD2PO4 (D-RADP-x) (5–7) and the isostructur

erroelectric RbH2PO4 (RDP).
In D-RADP-x for 0.35 , x , 0.7, chemical exchang

ersists down to very low temperatures. RDP, on the o
and, exhibits an order–disorder phase transition from a
lectric (PE) phase to a ferroelectric (FE) one with a trans

emperatureTc 5 147 K. The phase transition is characteri
y the ordering of the protons on the O–H. . . O bonds con
ected with the breaking of the PE tetragonal symmetry
4# 2d to the orthorhombic FE symmetryFdd2. Since the
roton motion is the unique chemical exchange process pr

n the system and since it freezes-out at the phase trans
nly spectral spin diffusion is left at low temperatures. T
SD ! tc in the ferroelectric phase of RDP. This means that
ff-diagonal intensity in a 2D exchange NMR spectrum
afely be assigned to spectral spin diffusion.
Because of the structural similarity of RDP and D-RADx

ne can characterize87Rb spin diffusion in the RDP system a
dapt the results to D-RADP-x. In this way the distinctio
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1387Rb SPIN DIFFUSION IN FERROELECTRIC RbH2PO4
etween chemical exchange and spin diffusion in 2D N
pectra of glassy D-RADP-x should be possible.
In the next section we shall present the theory necessa

nvestigate spectral spin diffusion between87Rb spins in FE
DP. Section III is devoted to the experimental part of
ork. Section IV treats specifically the cases of intra-

nterline spin diffusion in FE RDP. In Section V the expe
ental data are discussed and interpreted based on the

elaxation theory.

II. THEORY

The interest in spin diffusion began with the discovery
eteronuclear cross-relaxation in the laboratory frame. Mo

echniques like coherence transfer under magic angle spi
MAS) conditions have kept this interest alive. A mileston
he understanding is certainly the work of Suter and Erns1)
here spectral spin diffusion is treated in great detail. Ne

heless, we will show that the prediction of87Rb spin diffusion
imes in a system like ferroelectric RDP fails by orders
agnitude. The reason for this might be the presence of
rupolar splitting and inhomogeneous line broadening, as
s the random distribution of85Rb and87Rb isotopes.87Rb has
natural abundance of 27.835%. Since the aim of this ana

s to use the results of RDP for the case of D-RADP-x for
iscriminating the effects of spectral spin diffusion and s
otion, a less rigorous description is sufficient. Follow
oldman (8), the rate of mutual spin flips is of the order

W ,
2 Tr~V 2!

Tr~I z
2! S p

2M2
D1/ 2

expS2
D 2

2M2
D , [1]

hereD 5 2pdn jk is the difference of the resonance frequ
ies n j and n k of the spins j and k (dn jk 5 un j 2 n ku),
espectively, and the second momentM2 is given by

M2 5 2
Tr~@*9D, V# 2!

Tr~V 2!
[2]

ith

*9D5K O
jÞk

~123 cos2u jk!

r jk
3 I z

j I z
k, [3]

V 5 2
K

4 O
jÞk

~1 2 3 cos2u jk!

r jk
3 ~I 1

j I 2
k 1 I 2

j I 1
k !, [4]

K 5
m0

4p
g 2\, [5]

hereu jk is the angle between the external magnetic fieldB0
to
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nd the vectorr jk connecting the two nuclear spinsj andk. g
s the gyromagnetic ratio of the87Rb spins involved.

The spin diffusion rate is here described as a product
ormalized Gaussian expressing the dependence on the a

requency differenceD and a factor containing the flip–flo
erm of the dipole–dipole interaction. The Gaussian ca
hought of as resulting from an overlap integral of two Ga
ians with varianceM 2/ 2 and a frequency separationD.
Since we are interested only in the central line of the87Rb

uadrupolar spectrum, we evaluated the traces in Eqs. [1
2] taking into consideration exclusively the mutual spin fl
etween the states61

2. The rate of mutual spin flipsW and the
econd momentM 2 are then expressed as

W , 5S2~q, 87Rb!S p

2M2
D1/ 2

expS2
D 2

2M2
D [6]

ith

M2 5 1.2
S4~q, 87Rb!

S2~q, 87Rb!
. [7]

he numerical coefficient in Eq. [6] has its origin from

2Tr~V 2!

Tr~I z
2!

5 5S2~q, 87Rb! [8]

n the case of mutual spin flips between the states61
2, while S2

nd S4 are lattice sums over the87Rb sites defined as

S2~q! 5 K 2 O
jÞk

~1 2 3 cos2u jk!
2

r jk
6 [9]

S4~q! 5 K 4 O
jÞk

~1 2 3 cos2u jk!
4

r jk
12 , [10]

hereq is the angle betweenB0 and thec-axis of the crysta
For the numerical calculation ofS2 andS4 we have chose

he origin of the coordinate system to coincide with the spk.
round this site the Rb lattice was constructed. In order to
onvergence of the sumsS2 and S4 it was sufficient to sum
ver 53 5 3 5 5 125 unit cells. Because of the87Rb natura
bundance, only a fraction of 27.835% of87Rb nuclear spin
ontributes toS2 andS4. Taking all this into consideration, w
ave performed Monte Carlo simulations generating ran
istributions of87Rb on Rb sites with a probability of 0.2783
or each configuration, we have calculatedM 2, 2Tr(V 2)/
r(I z

2), and W(D 5 0) from Eqs. [6–8], using Eqs. [9] an
10]. The final results were obtained from averaging o
0000 random configurations. They are depicted in Fig. 5
ill be discussed in Section V.
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14 CEREGHETTI AND KIND
III. EXPERIMENTAL

The single crystals of RDP were grown from an aque
olution using a standard convection technique (9). The spin
iffusion measurements were made with a home-built N
pectrometer in aB0-field of 7 T on 87Rb nuclear spins (I 5 3

2).
he temperature was stabilized at 85 K in a continuous-
ryostat with an accuracy of about60.05 K. We used
tandard exchange pulse sequence with echo detection (4x–

1–902x–tm–90x–d–90x–echo measured with appropriate pha
ycling to remove unwanted signals caused by pulse impe
ions and higher order echoes. For mixing times less than 1
as not possible to completely avoid phase distortions beca
onrelaxed coherences which cannot be removed by pha
ling. For long mixing times,tm . 7 s, the longitudinal spin lattic
elaxation reduced drastically the signal to noise ratio. The m
ime tm was incremented from 1 ms to 7 s.

We evaluate the spectral spin diffusion of87Rb (I 5 3
2) using

D-exchange NMR spectroscopy on the11
2 7 21

2 transitions
n FE RDP. This central transition is subjected to second o
uclear quadrupole shifts, which depend on the relative o

ation between the external fieldB0 and the electrical fiel
radient (EFG) tensor at the site of the nucleus. For symm
easons a line splitting occurs at the PE–FE phase trans
urthermore, an inhomogeneous broadening of the lin
bserved (5).
During the measurements the crystallographic a-axis

erpendicular to the external magnetic fieldB0 and the c-axi
as tilted 7° away from it. At this orientation the 1D spectr
f FE RDP exhibits two distinct resonance lines (Fig. 1a),
frequency separation that can be calculated from the c

rientation (5). For this particular orientation it amounts
nres 5 6.2 kHz.
The FE RDP structure consists of stacked Rb–PO4 layers
hich are related by “diamond” glide planes (e.g. {mxyu0, 1

2,
}). Applying this symmetry element twice yields the trans
ion {1u12, 1

2,
1
2} which is one of the basis vectors of the primiti

nit cell. From this follows that there are four formula un
Z 5 4) in the conventional body centered unit cell.

Since the EFG tensor is invariant under basic translation
nd the same EFG tensor alternatively in every second lay
he Rb sublattice (Fig. 1b). As a consequence two Rb-N
ines are observed in the FE phase, which can be assign
he two different layer types. Due to crystal imperfections
wo lines are inhomogeneously broadened. Spectral spin
usion can thus take place either among equivalent87Rb spins
r among inequivalent ones, so that we can distinguish

ween intraline and interline spin diffusion, respectively. E
ier measurements in our group (6, 7) revealed a strong orie
ational dependence of the interline spin diffusion time. T
an be explained by the change of the interline frequ
plitting D on increasing the tilt angleq. The correspondin
ata are shown in the overview Fig. 5. However, they were
s
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uitable for the main purpose of this work, namely to estim
he spin diffusion time forD 5 0.

Figure 2 shows the evolution of the 2D spectrum in the f
f contour-plots for three different mixing times. For incre

ng mixing times the diagonal peaks change from an ellipso
hape (tm 5 1 ms) to a circular one (tm 5 500 ms). This is du
o spin diffusion among equivalent spins resulting in
rowth of intraline cross peaks. Circular cross sections
btained only for Gaussian 1D line shapes.
Figure 3a shows a 2D exchange spectrum taken for a m

ime of 500 ms with the projection of the cross section
iagonal peak perpendicular to the diagonal. This cross se
onsists of a distribution of homogeneous lines with the wi
t half height (HWHM) corresponding to the inverse transv
elaxation timeT2

21. Except for the very central line, all oth
ines are intraline cross peaks caused by spin diffusion.

The onset of interline spin diffusion becomes visible fortm

200 ms in the form of resolved cross peaks as shown in
for tm 5 5 s. Figure 3b displays a cross section through

op of the two inhomogeneously broadened cross peaks. T
nhomogeneous cross peaks are a superposition of hom
eous cross peaks resulting from mutual spin flips of physi

FIG. 1. (a) Quadrupolar splitted central line of the87Rb 1D NMR spec
rum. (b) Rubidium sublattice (white and black large balls) and PO4 groups
black small balls) in FE RDP. The inset shows the orientation ofB0 with
espect to thec-axis.
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1587Rb SPIN DIFFUSION IN FERROELECTRIC RbH2PO4
nequivalent87Rb spin pairs. They appear at coordinatesn1,
2) and (n2, n1) in the 2D plot, wheren1 and n2 are the

ndividual resonance frequencies of the two spins.

IV. EVALUATION OF THE SPIN DIFFUSION TIMES

As already mentioned above and shown in Fig. 3a,
rthogonal broadening of the two diagonal peaks corresp

o the growth of intraline cross peaks. This growth begins c

FIG. 2. Contour plots of 2D NMR exchange spectra for three diffe
ixing times. The diagonal peaks change from an ellipsoidal shape (tm 5 1
s) to a circular one (tm 5 500 ms) because of spin diffusion amo
quivalent spins. The onset of interline spin diffusion becomes visible ftm

200 ms in the form of distinct inhomogeneously broadened cross-pe
e
ds
e

o the diagonal and moves further away from it with increa
m. From this we conclude that we do not deal with a sin
pin diffusion time but with a distribution: the farther aw
rom the diagonal, the higherTSD. Similar to the inhomoge
eously broadened 1D spectrum that is a superpositio
arrow 1D Gaussians, the 2D exchange spectrum is a s
osition of 2D Gaussians. We assume now that this contin
istribution of Gaussians can be replaced by a discrete d
ution of equidistant Gaussians both in one and two dim
ions. A similar discretisation is already obtained from the
ourier transform. Moreover we assume that all of these
aussians are isolated from all neighbors as if they would
e there. These assumptions allow to treat the intraline
iffusion like a set of interline spin diffusions. Possible dra
acks of this procedure will be discussed later.
Any pair of 2D Gaussians on the diagonal has a corresp

ng pair of off-diagonal 2D Gaussians, such that the four f
square in then1, n2 plane. If we place the origin at the cen
f this square, the diagonal lines have the coordinates (1n, 1n)
nd (2n, 2n), the off-diagonal ones (1n, 2n) and (2n, 1n).
he 1D-frequency separation of the two lines is thus 2n, which
ields, from Eq. [1],D 5 4pn. For symmetry reasons it
onvenient to select an origin which coincides with one of
axima of the diagonal spectrum. Then we haveI(1n, 1n) 5

(2n, 2n) as long as the overlapping intensity of the sec
iagonal peak can be neglected. This choice of origin
efines the cross section through the peak as shown in Fi
he intensity ratio between the interacting diagonal 2D-G
ians and the resulting off-diagonal 2D-Gaussians is give
10)

R 5
I ~tm, 1n, 2n!

I ~tm, 1n, 1n!
5 tanh

tm

TSD(n)
. [11]

or our purpose is more convenient to use an equivalent
f Eq. [11]

I ~tm, 1n, 2n! 5 1
2 I tot~tm 5 0, 1n, 1n!

3 @1 2 exp(22tm/TSD(n))#, [12]

here I tot is the total intensity involved in the exchange p
ess.
Because of the origin choice the intensities of the interac

iagonal Gaussians are equal

I ~tm 5 0, 1n, 1n! 5 I 1D~n!

5 I 1D~n 5 0!exp(2n 2/ 2s D
2) [13]

here the Gaussian can be fitted to the 1D inhomogene
roadened NMR line we are considering, yielding a line w
f sD 5 1.846 0.02 kHz. It should be noted that not the wh

ntensityI (tm, 1n, 2n) is resulting from spin diffusion. In fac

t

.
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16 CEREGHETTI AND KIND
s illustrated in the leftmost contour plot of Fig. 2, even for
hortest mixing times there is a contribution toI (tm, 1n, 2n)
ecause of dipolar broadening.I (tm3 0, 1n, 2n) can be fitted
ery well by a Gaussian with a standard deviations0 5 0.686
.02 kHz. Since we can hardly predict how this intensit
educed with growingtm, all fits with Eq. [12] were done fo
nu $ 2 kHz. The results are shown in Fig. 4, where the intra
pin diffusion timeTSD,exp

intra (closed circles) is plotted vsn. The
egative or positive values ofn correspond to the left or rig
ide of the diagonal, respectively. Forunu . 5 kHz the inten
ities are so weak that the results are not reliable anym
everthelessTSD,exp

intra (n) can be fitted with an inverted Gauss
Fig. 4, dashed curve):

TSD~n! 5 TSD(0)exp~4n 2/ 2s SD
2 ! [14]

ielding sSD,exp
intra , of 3.936 0.12 kHz andTSD,exp

intra (0) 5 400 6
0 ms.
For the interline spin diffusion the procedure is similar

he origin is now shifted to the middle of the two diago
eaks (Fig. 3(b)). Since the intensityI (tm 5 0, 1n, 2n) of the
iagonal contribution is here much smaller, the fits with

12] give reasonably small error bars already forunu $ 0.8 kHz
s shown in Fig. 4, where the interline spin diffusion t
SD,exp
inter we measured is indicated by open circles. Again,

14] (solid curve) is fitted to the data points, yieldingsSD,exp
inter , of

.786 0.16 kHz andTSD,exp
inter (0) 5 832 6 28 ms.

FIG. 3. (a) Intraline spectral spin diffusion cross peaks resulting from
s. Definition ofI intra(tm, 1n, 2n) as an orthogonal cut through a diago
xchange between single homogeneously broadened lines for a mixingt
ross peaks maxima.
exchange between single homogeneously broadened lines for a mixing timtm 5 500
nal peak maximum. (b) Interline spectral spin diffusion cross peaks resul
timem 5 5 s. Definition ofI inter(tm, 1n, 2n) as an orthogonal cut through the glo
e

s

e

re.

t
l

.

.FIG. 4. 87Rb spin diffusion times vs frequency in FE RDP. Closed circ
easured intraline spin diffusion times. Open circles: measured interlin
iffusion times. Curves are fits with Eq. [14].
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1787Rb SPIN DIFFUSION IN FERROELECTRIC RbH2PO4
V. DISCUSSION

With the results of the previous section the main task of
nvestigation is fulfilled. We have obtained reliable value

SD,exp for 87Rb as a function of the line splitting 2n, which can
e adapted to the case of the proton glass D-RADP-50. H
ver, it is interesting to know how far this behavior can
redicted from the theory of mutual spin flip presented in

heoretical section.
Figure 5 gives an overview of the experimental and th

etical results presented in Sections II to IV.
The fact that the experimentalTSD(n) can be fitted very we
ith an inverted Gaussian proves that we deal with the ov

ntegral of two Gaussians as predicted by the theory.
orresponding dynamic second momentsM 2 5 (2ps) 2 of
qs. [1] and [6] are obtained from the fit of the measured
iffusion times with Eq. [14]

M 2,exp
intra 5 ~6.1 6 0.4! 3 108 rad2 s22

M 2,exp
inter 5 ~13.26 0.7! 3 108 rad2 s22

FIG. 5. Comparison of measured spin diffusion times in RDP (o
ircles, stars, rectangular band) with calculated values of 1/W for D 5 0 as a
unction of the tilt angleq between the crystalc-axis and the external magne
eld B0 (dashed line: intraline spin diffusion; solid line: interline spin dif
ion). The upper horizontal scale is the value ofn 5 D/4p corresponding to th
uadrupolar inter line splittingD(q). The dotted curve is the transformed ri
alf of the solid curve of Fig. 4. The homogeneousT2 (full circle) is compared
ith the experimentalM 2

21/ 2 (diamonds) and the calculated (M 2(q))21/ 2.
is
f

w-
e
e

-

p
e

in

hese values are by three orders of magnitude higher tha
nes calculated from Eq. [2] via Eq. [7]. In Figure 5 the inve
quare roots of the experimental dynamic second mom

2,exp
intra andM 2,exp

inter for a crystal orientation ofq 5 7° are com
ared with the inverse square roots of the second mo
esultsM 2,th

intra andM 2,th
inter from the Monte Carlo simulation. It

lear that these values are far from being of the same ord
agnitude.
In Fig. 5 we give an overview over all relevant quantities

he spin diffusion process in RDP. The direct compariso
chieved by expressing all quantities in units of time. While

ines (solid, dashed, dotted) represent theoretical calcula
he data points are derived from measurements. The rect
ar band contains the spin diffusion times derived in this w
t the tilt angleq 5 7° according to Fig. 4. The two sta
orrespond to the extrapolation of the present measurem
or D 5 0. The dotted line corresponds to the right half of
olid line in Fig. 4 using the transformed frequency s
upper scala). The open circles represent earlier measure
erformed in our group (6) of the interline spin diffusion ti
s a function of the tilt angleq, which is the control paramet

or the interline splittingD. The maximum measurable valu
f TSD and with it the maximum tilt angle (q 5 11°) was

imited by T1. These earlier measurements did not allow fo
xtrapolation toD 5 0. The two diamonds correspond to
tted parametersM 2,exp

intra and M 2,exp
inter of Eq. 14, whereas the fu

ircle is the measured homogeneous T2. The evaluation of Eq
6] and [7] with the help of Monte Carlo lattice sums yield
he values ofW andM 2 as a function of the tilt angleq. The
orresponding values forD 5 0 are shown for the cases

ntraline (dashed lines) and interline (solid lines) interact
hey differ by orders of magnitude from the experime
alues.
At present we do not have any explanation for this failur

he theory so that we are left with the following questions. W
s the apparent width of the two overlapping Gaussians
ained from the experimental dynamic second momentss intra

2.8 kHz,s inter 5 4 kHz) even larger than the static inhom
eneous line width (sD 5 1.84 kHz)? This fact violates o

solation assumption of the previous section. But exactly
ssumption made the problem tractable at all. Another que
oncerns the influence of the temperature. How strong i
honon assistance in spectral spin diffusion? Furthermor
ave to ask whether it is really harmless to neglect the sat

ransitions in our treatment. We hope that our results and
pen questions will stimulate further work in this field.

VI. CONCLUSION

Our calculation of the87Rb spin diffusion timesTSD in FE
DP proved that the functionTSD

21(D) is a Gaussian (as pr
icted by the theory), whereD is the angular frequency sep
ation between the interacting spins. The particular situatio
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18 CEREGHETTI AND KIND
E RDP allowed that both intraline and interline spin diffus
imes could be measured. However, discrepancies of more
hree orders of magnitude were found between the theor
nd experimental values of the dynamic second momentM2. In
articular, we observed that the dynamic second momen
eeds the static inhomogeneous line width by a factor of

ACKNOWLEDGMENTS

We thank Professor J. Dolinsˇek for the critical reading of the manuscri
his work was supported in part by the Swiss National Science Founda

REFERENCES

1. D. Suter and R. R. Ernst, Phys. Rev. B 25, 6038–6041 (1982).

2. D. Suter and R. R. Ernst, Phys. Rev. B 32, 5608–5627 (1985).
an
al

x-

n.

3. A. Abragam, “The Principles of Magnetic Resonance,” Clarendon
Press, Oxford (1961).

4. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
clear Magnetic Resonance in One and Two Dimensions,” Claren-
don Press, Oxford (1987).

5. N. Korner and R. Kind, Phys. Rev. B 49, 5918 (1994).

6. N. Korner and R. Kind, in “Proceedings of the 26th Congress
AMPERE on Magnetic Resonance” (A. Anagnostopoulos, F. Milia,
and A. Simopoulos, Eds.), p. 601a, Athens (1992).

7. N. Korner, “From Long Range Order to Glass Order: Static and
Dynamic Properties of the Solid Solution Rb12x(ND4)xD2PO4,” Diss
ETH No. 9952, Ph.D. dissertation, ETH, Zürich, (1993).
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