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Proton spin-lattice relaxation and local symmetry of the H bond in Rb3H„SO4…2

U. Mikac, B. Zalar, J. Dolinsˇek, J. Seliger, V. Zˇagar, O. Plyushch,* and R. Blinc
J. Stefan Institute, University of Ljubljana, Ljubljana, Slovenia

~Received 26 May 1999!

A rather strong and unusual temperature and frequency dependence of the proton spin-lattice relaxation time
T1 has been observed in a Rb3H~SO4!2 single crystal in the temperature interval between 300 and 10 K. Below
10 K the protonT1 becomes temperature independent but still exhibits a rather strong Larmor frequency
dependence. At higher temperatures the spin-lattice relaxation is determined by a modulation of the Rb-proton
and/or proton-proton dipolar coupling due to thermally activated jumping of the proton between the two
equilibrium sites in the H bond whereas at low temperatures phonon-assisted proton incoherent tunneling takes
over. The results thus show that the double-minimum potential of the H bond in Rb3H~SO4!2 is locally
asymmetric in the temperature range investigated. There is no evidence for a change from a double to a single
minimum type H-bond potential down to 4 K.
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I. INTRODUCTION

Preliminary measurements1 on Rb3H~SO4!2 powder
samples have shown a surprisingly strong temperature
pendence of the proton spin-lattice relaxation timeT1 . The
proton T1

21 at 37 and 18 MHz strongly decreases with d
creasing temperature between 300 and 10 K and beco
temperature independent below 10 K. The activation ene
for this motion is significantly lower than the activation e
ergy 0.82 eV found for the deuteron inter-H-bon
motion2—connected with DSO4 reorientation—in
Rb3D~SO4!2. Two-dimensional ~2D! deuteron NMR ex-
change measurements2 have further shown that the correla
tion frequency for the deuteron inter-H-bond motion is
low as 2.16 Hz at 290 K. It would become astronomica
slow below 100 K. This means that HSO4 rotation and pro-
ton inter-H-bond motion cannot be responsible for the
served strong temperature dependence of the protonT1 in
Rb3H~SO4!2 below 300 K and that this temperature depe
dence very probably arises from proton intra-H-bond moti

In order to check on the nature of the anomalous pro
T1 in a Rb3H~SO4!2 we decided to perform proton relaxatio
rate measurements on a rather pure Rb3H~SO4!2 single crys-
tal at higher Larmor frequencies up to 270 MHz. We hop
to obtain some information on the local symmetry of t
O-H¯O bond and the possibility of phonon-assisted pro
incoherent tunneling at low temperatures.

We also wished to compare the local symmetry of
O-H¯O bond in Rb3H~SO4!2 with the symmetry of the
O-D¯O bond in Rb3D~SO4!2 above and below the antifer
roelectric transition atTc582 K.2,3,4,5

II. STRUCTURAL BACKGROUND

Rb3H~SO4!2 and related A3H(XO4)2 compounds (A
5K, Rb, Cs; X5Se, S) consist of isolated @(XO4)
-H¯(XO4)#32 dimers separated byA1 ions and are thus
often described as ‘‘zero-dimensional’’ H-bonded system6

The isotope effects on replacing hydrogen by deuterium7 are
here so large that the protonated compounds rem
paraelectric asT→0 whereas the deuterated ones exhibit
PRB 610163-1829/2000/61~1!/197~6!/$15.00
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antiferroelectric transition atTc'100 K. The space group o
the protonated compounds and the high-temperature s
group of the deuterated ones are generally assumed8,9,10,11to
be A2/a implying the existence of a center of symmetry
the midpoint of the O-H̄ O bond@Fig. 1~a!#. The origin of
the anomalous isotope effect is usually explained by the g
metrical isotope effect.12 The protonated H bond is some
what shorter than the deuterated one. Due to thermal con
tion and the corresponding decrease in the lattice parame
the O-H̄ O bond length of the protonated compound is te
perature dependent and assumed to cross at approxim
100 K the critical bond length ofRO¯O 5 2.47 Å, where the
symmetric double-minimum type potential transforms into
single minimum one with the proton at the center of the

FIG. 1. ~a! Structure of Rb3H~SO4!2 and ~b! the schematic pre-
sentation of the asymmetric double-well potential of the O-H¯O
bond as a function of the space coordinate.
197 ©2000 The American Physical Society



no
te

ica
n

o
ng
ta
-
um
K
b
-
tr
s
O
tr

ro
er
b
hu

-
n
m

-
d
n

s
t’

t
em
ra

ili

in
he
a

at
le
b
ld
a

c-

ro

sp
.

rac-
y.

tes
on
of

ot-

two
.
he

it

o-

or

198 PRB 61U. MIKAC et al.
bond.10 The O-H̄ O dipole moment thus vanishes and
antiferroelectric transition can take place. In the deutera
compound, on the other hand, the crossing of the crit
bond length does not occur. The antiferroelectric transitio
thus preserved.

The above hypothesis of a transition from a double t
symmetric single minimum type H-bond potential on cooli
does not seem to be supported by Raman-scattering da
K3D12xHx~SO4!2 type crystals.13 The data were rather inter
preted as pointing to the existence of a double-minim
H-bond potential in the protonated compound even at 20
A deuteron spin-lattice relaxation time anomaly recently o
served atTc in Rb3D~SO4!2 was similarly interpreted as be
ing incompatible with the existence of a center of symme
in the middle of the O-D̄ O bond.3 Infrared measurement
as well have not shown the expected change in the
stretching band on going from an asymmetric to a symme
H-bond potential with decreasing temperature.14 The true lo-
cal symmetry group in Rb3D~SO4!2 should be thus even
aboveTc A2 rather thanA2/a ~Refs. 2, 4, and 5! and the
H-bond potential could be asymmetric because of deute
self-trapping.15 Deuteron motion between the two off-cent
sites in the H bond averages out the asymmetry as seen
rays.11 The space and time averaged H-bond potential is t
of the symmetric double minimum aboveTc and asymmetric
below Tc . The average space group in Rb3D~SO4!2 is A2/a
above Tc and A2 below Tc . The incoherent neutron
scattering data16 in Rb3H~SO4!2 seem to show that even i
the protonated compound there is locally no center of sy
metry in the midpoint of the O-H̄ O bond because of self
trapping. The O-H̄ O bond potential with the self-trappe
proton could be thus strongly asymmetric and the surrou
ing lattice rather distorted so that the true space group isA2.
In order to retain the averageA2/a symmetry seen by x ray
the two localized self-trapped proton states at the ‘‘righ
and ‘‘left’’ off-center sites in the O-H̄ O bond must be
equivalent on the space and time average. They may no
equivalent at any instant of time. Transition between th
may occur via phonon-assisted tunneling at low tempe
tures.

III. THEORY

In order to discriminate between the above two possib
ties, i.e., the proton being centered in the O-H¯O bond or
moving between two asymmetric off-center sites—
Rb3H~SO4!2 at low temperatures, we decided to study t
temperature and frequency dependence of the proton
87Rb spin-lattice relaxation ratesT1

21 in a Rb3H~SO4!2 single
crystal.

If the proton is located in the midpoint of the H bond
the center of symmetry or moving in a symmetric doub
minimum potential between two off-center sites related
inversion symmetry, the proton intra-H-bond motion shou
not be effective in producing spin-lattice relaxation via
modulation of the dipole-dipole or chemical shift intera
tions. As a result of that the protonT1 should become very
long when the proton interbond motion, connected with
tations of the SO4 tetrahedra, freezes out. The protonT1
should be in this case at low temperature determined by
diffusion and dipolar coupling to paramagnetic impurities17
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Spin diffusion is nearly temperature independent and cha
terized by aAvL-type dependence on the Larmor frequenc
If, however, the proton moves between two off-center si
in a locally asymmetric H-bond potential, the proton moti
should produce spin-lattice relaxation via the modulation
the 87Rb-proton and/or proton-proton dipolar couplingHD as
well as via a modulation of the proton chemical shift anis
ropy tensorDs.17 Here we have

1

T18
5S 1

T1
D

D

1S 1

T1
D

Ds

, ~1!

where

S 1

T1
D

D

5^uDHDu2&S 1

3

t

11~vLI2vLS!2t2 1
t

11~vLIt!2

1
2t

11~vLI1vLS!2t2D ~2a!

and

S 1

T1
D

Ds

5^uDsH0u2&
t

11vLI
2 t2 . ~2b!

Here vLI5gHH0 is the proton Larmor frequency andvLS
5gRbH0 is the 87Rb Larmor frequency whereast is the ef-
fective correlation time.DHD is the fluctuation in the Rb-H
dipolar interaction andDs the fluctuation in the1H chemical
shift anisotropy tensor due to proton motion between the
equilibrium sites in the O-H̄ O hydrogen bond potential
H0 is the magnitude of the external magnetic field. In t
slow motion limit at low temperatures wherevLIt@1 we
thus have

S 1

T1
D

D

'
^uDHDu2&

t F 1

3~vLI2vLS!2 1
1

vLI
2 1

2

~vLI1vLS!2G
5 f ~vLI ! ~3a!

and

S 1

T1
D

Ds

'
^uDsu2&

t
Þ f ~vLI !. ~3b!

In the fast motion limit at higher temperatures, the lim
vLIt!1 should apply so that

S 1

T1
D

D

'^uDHDu2&tÞ f ~vLI ! ~4a!

and

S 1

T1
D

Ds

'^uDsu2&H0
2t5 f ~vLI !. ~4b!

Sincet increases with decreasing temperatureT1 should be-
come larger at lower temperatures if we are in the slow m
tion limit, vLIt@1, @Eqs. ~3a! and ~3b!#, whereas it should
become shorter if we are in the fast motion limit,vLIt!1,
@Eqs. 4~a! and 4~b!#. If we are in the slow motion limit and
dipolar coupling is rate determining,T1

21 is proportional to
the square of the Larmor frequency, whereas it is Larm
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frequency independent in this limit if chemical shift aniso
ropy fluctuations are rate determining.

The effective correlation timet consists of two contribu-
tions. At higher temperatures it is determined by therma
activated proton hopping across the potential barrier,tAr ,
whereas it is at lower temperatures determined by phon
assisted tunnelingtT :18

1

t
5

1

tAr
1

1

tT
. ~5!

It is well known that the classical Arrhenius hopping rate
an asymmetric double well@Fig. 1~b!# is

tAr
2152t`

21 exp~2Ea /kBT!coshF A

2kBTG , ~6a!

whereas the phonon-assisted tunneling rate is given by

tT
215t0

21A11~A/G!2 cothSAA21G2

2kBT D ~6b!

and is finite asT→0. This means that the decrease in t
protonT1

21 will level off at low temperature as the temper
ture dependence of the tunneling timetT is much weaker
than that of the Arrhenius hopping timetAr . HereEa is the
activation energy,A is the asymmetry of the double-we
H-bond potential,G represents the tunneling matrix eleme
of the ground-state doublet,t` is the Arrhenius correlation
time atT→`, andt0 is proportional toG3.

The effective correlation timet depends on the H-bon
asymmetryA, which is because of the self-trapping random
distributed over the H-bond network in the crystal. For
Gaussian asymmetry distribution functionr(A) with a vari-
ancesA , the proton spin-lattice relaxation time is obtain
by integrating the spectral density over the distribution fu
tion r(A). Thus we get the expression for the proton sp
lattice relaxation time

1

T1
5E

2`

`

r~A!~12p2!
1

T18
dA, ~7!

where 1/T18 is given by Eq.~1!. p is the local polarization of
the H bond and depends on the H-bond asymmetryA, tun-
neling matrix elementG, and temperature as18

p5S A

AA21G2D tanhSAA21G2

2kBT D . ~8!

It should be noted that the biasing factor 12p2 occurring in
Eq. ~7! stays finite atT50 because of quantum effects,

~12p2!T505
G2

A21G2 ~9!

whereas it vanishes in the classical limit whereG→0.
This together with the finite value oftT allows for a finite

proton spin-lattice relaxation rate atT50 in case of phonon-
assisted proton tunneling in contrast to the classical ‘‘h
ping motion’’ case where 12p2 vanishes asT→0 andT1
goes to infinity in this limit.
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IV. RESULTS AND DISCUSSION

The temperature dependence of the protonT1 of a
Rb3H~SO4!2 single crystal is shown in Fig. 2 fo
aiH0 , c'H0 at 270 and 100 MHz. Except for a should
around 80 K,T1 increases with decreasing temperature in
temperature range between 300 and 7 K. Between 7 and
it gradually becomes temperature independent. In the wh
measured temperature interval the protonT1 is Larmor fre-
quency dependent. The results are similar to the protonT1
data obtained1 in powdered Rb3H~SO4!2 except for the fre-
quency dependence above 50 K. Namely, in the powde
sample the protonT1 measured at 18 and 37 MHz is fre
quency independent above 50 K and frequency depen
below this temperature. Here the frequency independenc
the protonT1 at higher temperatures has been ascribed
cross relaxation with the quadrupole perturbed85,87Rb spin
system. This mechanism cannot explain our single-cry
results as no level crossing or frequency matching betw
the quadrupole perturbed85,87Rb Zeeman energy levels an
the proton Zeeman energy levels can take place at 100
270 MHz.

The increase in the protonT1 with decreasing temperatur
between 100 and 4 K~Fig. 2! means that we are in the slow
motion regimevLt@1 in most of the investigated tempera
ture interval. According to expression~3a! T1 should be Lar-
mor frequency dependent if it is mainly determined by Rb
dipolar coupling fluctuations involving proton transfer fro
one equilibrium site in the asymmetric H-bond potential
another whereas it should be Larmor frequency independ
if it is determined by chemical shift tensor fluctuations.

The observed frequency dependence of the proton s
lattice relaxation rateT1

21 at 4 K @Fig. 3~a!# can be fitted to
the expression

1

T1
5A1BnL

22, ~10!

whereA5431026 s21 measures the frequency independe
contribution andB51.6 s23 the frequency dependent one.

FIG. 2. Temperature dependence of the proton spin-lattice
laxation rateT1

21 in a Rb3H~SO4!2 single crystal at 100 and 270
MHz. The low-temperature part is dominated by the phono
assisted proton tunneling. The solid lines represent a fit to Eqs.~1!,
~2!, and~5!–~9!.
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FIG. 3. Larmor frequency dependence of th
proton T1 at ~a! T54 K and ~b! T5220 K. The
solid line represents the fit to Eq.~10!. The open
symbols are the data from Ref. 1.
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qualitatively similar Larmor frequency dependence has b
also observed below 50 K in powdered Rb3H~SO4!2 at nL
518 MHz and 37 MHz. This behavior agrees rather w
with the predictions of Eqs.~1!–~8! and shows that Rb-H
dipolar coupling mainly determines the protonT1 at low
temperatures.

Between 100 and 280 K the temperature dependenc
the T1

21 changes. AtnL5270 MHz theT1
21 versus 1000/T3

curve becomes nearly temperature independent wherea
change in theT1

21 versus temperature slope is smaller at 1
MHz. This seems to suggest that relaxation via chem
shift tensor fluctuations becomes more important at hig
temperatures and that we are approaching the crossove
tween thevLt@1 andvLt!1 regimes. At 220 K the Lar-
mor frequency dependence is rather different@Fig. 3~b!#
from the one at 4 K. At high Larmor frequencies,T1 be-
comes less Larmor frequency dependent than at lower o
This as well shows a significant chemical shift tensor flu
tuation contribution toT1

21.
The temperature dependence of the protonT1 below 50 K

can as well be described by the above expressions prov
that below 7 K phonon-assisted tunneling rather than th
mally activated hopping between the two O-H̄O equilib-
rium sites becomes rate determining: 1/tT@1/tAr . The ob-
tained parameters from the fit areEa56.3 meV, G
50.5 meV, t`53.931026 s, t052.831024 s, and sA
50.6 meV. It should be noted that the obtained activat
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energy 6.3 meV is significantly lower than the activatio
energy 0.82 eV found for deuteron inter-H-bond motion
Rb3D~SO4!2 by 2D exchange NMR.2 It is however of the
same order of magnitude as the one found for phon
assisted O-H̄ O proton tunneling in Rb0.5~NH4!0.5H2PO4

proton glasses.18 This seems to show that phonon-assis
proton tunneling between the two off-center sites in t
O-H¯O bonds indeed takes place in Rb3H~SO4!2 below 7 K.

As suggested by the different Larmor frequency dep
dence the relaxation via chemical shift anisotropy fluctu
tions must be taken into account at higher temperature.
shoulder in the temperature dependence of the protonT1
about 80 K in particular cannot be explained just by t
dipolar relaxation. If the above explanation is correct t
chemical shift anisotropy fluctuation mechanism becom
less effective at lower temperatures and Rb-H dipolar c
pling fluctuations take over.

The reasons for this crossover could be the following:
~i! There is a significant change in the H-bond potentia

lower temperatures which diminishes the differenceDs in
the chemical shift tensors between the two equilibrium s
in the H bond without affecting too much the Rb-H dipol
interaction.

~ii ! The second possibility is that there is a temperatu
dependent shift in the position of at least one Rb ion an
corresponding decrease in the Rb-proton distanceR resulting
in an increase in̂uDHDu2&,
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S 1

T1
D

D

}^uDHDu2&} K U 1

R3 S D l

R D U2L .

Here D l is the distance between the two off-center sites
the H bond andR is a typical distance between a Rb site a
the center of the H bond, which may depend on temperat

Which of the above two possibilities is in fact realize
cannot be decided on the basis of the above experim
alone. It should, however, be noticed that the tempera
dependence of the quadrupole coupling constant of Rb~1!—
which is close to the O-H̄ O bonded proton—is anoma
lously strong4 so that the second possibility seems mo
likely. This is also supported by the fact that the Rb~2! quad-
rupole coupling constant is nearly temperature independ
~Fig. 4!. It should also be noted that the deuteronT1 anomaly
at Tc may as well be caused by a fluctuation in the R
deuteron dipolar coupling due to large fluctuations in
Rb~1! positions.3

As already mentioned the protonT1 at low temperatures
is nearly temperature-independent as expected for pho
assisted incoherent tunneling.17 The observed Larmor fre
quency dependence of theT1 ~Fig. 3! at 4 K is—as discussed

FIG. 4. Temperature dependence of Rb~1! and Rb~2! ~a! quad-
rupole coupling constantse2qQ/h and~b! asymmetry parametersh
in Rb3H~SO4!2 measured by proton-rubidium double nuclea
magnetic resonance in the laboratory frame.
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above—too strong for relaxation via spin diffusion to par
magnetic impurities. It is closer to thevL

2 expected for
phonon-assisted incoherent tunneling than to theAvL law
expected for relaxation via spin diffusion to paramagne
impurities. Spin diffusion may however be responsible
the Larmor frequency independent contributionA at 4 K in
addition to chemical shift tensor fluctuations. This is
agreement with measurements of rubidium spin-lattice re
ation rates in Rb3H~SO4!2 and Rb3D~SO4!2, where it was
determined from the ratioT1(85Rb)/T1(87Rb) that both spin-
diffusion as well as electric quadrupolar relaxation due
phonon-assisted tunneling are present at temperatures b
17 K.2

The observed temperature and Larmor frequency dep
dence of the protonT1 can be thus indeed quantitative
described by the relaxation via the modulation of the dipo
coupling and by phonon-assisted proton tunneling betw
the two asymmetric off-center sites in the H-bond poten
even down to 4 K ~Fig. 2!. Previous 87Rb NMR
measurements2,4,5 in Rb3H~SO4!2 and Rb3D~SO4!2 single
crystals were interpreted as being incompatible with
asymmetric double-well H-bond potential—space gro
A2—above and belowTc . Deuteron spin-lattice relaxation
time measurements in Rb3D~SO4!2, however, have shown3

that the proper space group isA2 in Rb3D~SO4!2, both above
as well as belowTc , but the deviations fromA2/a are small.
The proton and deuteron NMR results would thus agree w
the Rb NMR spectra if the deviations from theA2/a space
group are so small that the additional Rb lines in the NM
spectra cannot be resolved.

The results seem to agree qualitatively with the incoher
neutron-scattering data.16 It should be noticed~Fig. 5! that
the temperature dependencies of the87Rb spin-lattice transi-
tion ratesW1 andW2 show at lower temperatures below 1
K a similar temperature-independent contribution as the p
ton T1 . This contribution can—apart from a scalin
factor—be fitted by the same parameters as the tempera
dependence of the protonT1 . It thus seems that this contri

FIG. 5. Temperature dependence of the87Rb spin-lattice relax-
ation ratesW1 and W2 in Rb3H~SO4!2. Note the temperature
independent contribution at low temperatures. The solid line rep
sents a fit to Eqs.~1!, ~2!, and~5!–~9!. The fit parameters are, apa
from a scaling factor, the same as those for the protonT1 .
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202 PRB 61U. MIKAC et al.
bution is due to Rb-proton dipolar coupling and that the tem
perature independence arises from the phonon-assisted
ton tunneling between the two asymmetric off-center sites
the O-H̄ O bond.

The above results thus show the following:
~i! There is no evidence for a change from the double

symmetric single minimum type H-bond potential i
Rb3H~SO4!2 down to 4 K.
r
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-
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o

~ii ! The double-minimum potential is locally asymmetr
so that the instantaneous space-group symmetry
Rb3H~SO4!2 is A2 and the centrosymmetric space grou
A2/a, seen by x rays, is realized only on the space and ti
average.

~iii ! Below 7 K phonon-assisted incoherent proton tunn
ing between the two locally asymmetric off-center proto
sites in the O-H̄ O bond becomes rate determining.
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