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Indications of proton tunneling in the proton glass „betaine phosphate…0.15„betaine phosphite…0.85
from ENDOR and pulsed ESR studies
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The local proton order in the proton glass~betaine phosphate!0.15 ~betaine phosphite!0.85 is studied by means
of electron nuclear double-resonance and two-dimensional electron spin-echo envelope modulation~ESEEM!
techniques. The experimental results allow very detailed comparisons with theoretical models such as the one-,
and three-dimensional random-bond random-field~RBRF! Ising glass model. The attempt to describe the
experimental behavior within the framework of the random-bond random-field~RBRF! Ising glass, which was
worked out for deuteron glasses, suffers in conspicuous insufficiency at least at lower temperatures. Taking the
influence of proton tunneling into account by using the stochastic model of a quantum RBRF Ising glass, the
experimental results can fully be described. Furthermore, ESEEM experiments on a partially deuterated
BP0.15BPI0.85 crystal confirm the different local polarization behavior in the protonated and deuterated hydro-
gen bonds in agreement with the model expectation.@S0163-1829~97!03618-7#
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I. INTRODUCTION

In mixed crystals consisting of ferroelectric betaine ph
phite ~BPI! and antiferroelectric betaine phosphate~BP!,1 the
frustrating interactions cause a glasslike order behavior2 of
the protons in the system of hydrogen bonds. Such mate
belong to a class of orientational glasses that are design
as proton glasses. Model systems like spin glasses and
entational glasses are of special interest for the basic un
standing of the glassy behavior of matter because for th
theoretical model descriptions have been developed w
allow comparisons with the experimental findings. Magne
resonance proved to be one of the most appropriate t
niques for the study of local proton or deuteron order a
dynamics.3 Deuteron glasses were carefully analyzed by d
teron nuclear magnetic resonance~NMR! where the local
deuteron order is mirrored via the nuclear quadrupolar c
pling. However, up to now there is no direct study of t
proton order in a proton glass by H1 NMR because with the
chemical shift as the only interaction it is difficult to resolv
local proton order. An interesting electron spin resona
~ESR! study of the local order-parameter distribution and
glass order parameter in the proton glass rubidium am
nium dihydrogen phosophate was achieved in an indi
way using substitutional Tl21 ions at Rb sites as parama
netic centers and probing the changes of the crystalline fi
at this site as a measure of the proton order at the4
tetrahedra.4

In recent papers5,6 we reported on the
local proton order in the proton glas
~betaine phosphate!0.15~betaine phosphite!0.85 studied by
means of high-resolution ESR techniques such as elec
nuclear double resonance~ENDOR! and electron spin echo
envelope modulation~ESEEM! in a direct way via the proton
hyperfine couplings. In this mixed crystal, the protons in
550163-1829/97/55~18!/12151~10!/$10.00
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hydrogen bonds, linking the phosphite and phosphate grou
to quasi-one-dimensional chains along the crystallograp
b direction ~see Fig. 1!, show glassy behavior. We showed
that the line shape of the ENDOR spectra of the protons
these hydrogen bonds is a direct measure of the local po
ization distributionW(p). The experimental determination
ofW(p) allowed a very detailed comparison with theoretica
models such as the one- and two-dimensional random-bo
random-field ~RBRF! Ising model.7,8 The experimental
Edwards-Anderson glass order parameter obtained as
second moment ofW(p) showed a temperature dependenc

FIG. 1. Schematic drawing of the structure of BPI showing th
chains of HPO3 groups linked by hydrogen bonds with the proton
H13 and H15. The betaine molecules are bound to the HPO3 groups
by one hydrogen bond~H12!. In the mixed crystal, HPO3 is par-
tially substituted by HPO4 to which the betaine is bound by two
hydrogen bonds~H12 and H14!.
12 151 © 1997 The American Physical Society
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12 152 55G. VÖLKEL et al.
which is characteristic for a proton glass with strong rand
fields. In order to reduce the number of fit parameters,
glass temperatureTG530 K was taken from dielectric
results.9 The unusually strong random fields, represented
the temperatureTf595 K, reflect the relatively strong distor
tions of the proton double minimum potentials in the hyd
gen bonds adjacent to substitutional phosphate sites. The
respondence of the experimental data with the simulati
improved considerably when a nonzero mean of the rand
bonds was introduced in the RBRF Ising model which in
cates a smeared transition into a long-range ordered pr
state atTc5144 K.

Though there is no doubt that the local proton order c
responds to the behavior expected for a proton glass t
were still quantitative disagreements with the model simu
tions for lower temperatures, especially. The most strik
difference with the model simulations is the fact that t
experimental order-parameter distribution function takes
maximum at low temperatures not atp51 as the model
predicts but atp50.7. Therefore, as an alternative proc
dure, in this paper we will take into consideration the infl
ence of proton tunneling. Recently, theories for a quant
RBRF Ising glass have been published10–12which take into
account proton tunneling. The aim of our paper is to sh
that using these theories a very convincing description of
experimental results succeeds. The tunneling energyV/kB
5250 K used as a fit parameter in our simulations is of
same order of magnitude as the tunneling energyV/kB
5440 K that explains the isotope shift13 of the transition
temperature into the ferroelectric phase of betaine phosp
of about 100 K due to deuteration. Furthermore, ESEE
experiments on a partially deuterated BP0.15BPI0.85 crystal
confirm the different local polarization behavior in the pr
tonated and deuterated hydrogen bonds in agreement
the model expectation. Taking into the considerations pro
tunneling, the proton order in the BPxBPI12x system can
satisfactorily and unifiedly be described by the Ising mod

Recently a paper14 was published reporting on the proto
and deuteron glass dynamics in Rb0.50~NH4!0.50H2PO4,
Rb0.58~ND4!0.42D2PO4, and Rb0.68~ND4!0.32D2AsO4 studied
by NMR spin-lattice relaxation measurements down to v
low temperatures at the87Rb and O-D•••O deuteron nuclei.
The temperature independence of the relaxation rate at
temperatures is claimed to indicate the presence of pho
assisted tunneling of the protons and deuterons within
hydrogen bonds resulting from the quantum glass chara
of these mixed compounds.

In Sec. II we will briefly quote some experimental detai
In Sec. III a short outline of the theory will be given which
used in Sec. V to simulate and discuss the experimenta
sults presented in Sec. IV.

II. EXPERIMENTAL

Mixed single crystals BP0.15BPI0.85 were grown by con-
trolled evaporation from aqueous solution containing beta
with 15% H3PO3 and 85% H3PO4. The crystal growing pro-
cedure for deuterated mixed crystals DBP0.15DBPI0.85 was
basically the same except that the parent materials were
solved in D2O. By analogy with the pure DBP~Ref. 15! and
DBPI ~Ref. 16! crystals one expects that only the proto
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H12, H13, H14, and H15 in the hydrogen bonds of the in
ganic H3PO3 and H3PO4 groups~Fig. 1! should be replaced
by deuterons in DBP0.15DBPI0.85. The degree of deuteratio
of the grown crystal amounts to about 85%. Byg irradiation
of BP0.15BPI0.85at room temperature PO3

22 radicals were pro-
duced at PO3 sites with a relative concentration of abo
1024. Consequently, the proton order in the hydroge
bridged phosphorus chains can only be probed at PO3 but not
at PO4 sites. We proved by dielectric permittivity measur
ments of irradiated samples17 that the dielectric behavior did
not remarkably change. This result is understandable fr
the structural point of view as the proton missed at the ra
cal is bonded to a lone orbital pair of the phosphorus at
that is not involved in the hydrogen bond system.

The ENDOR measurements were performed on the h
field ESR line of the31P hyperfine doublet.18 The static mag-
netic field was applied parallel to the crystallographicac
plane forming an angle of 20° with thec direction such that
the ENDOR line of proton H13 is not overlapped by oth
lines and that the individual line position of each proton
linearly related to its local polarization.19 The measured
ENDOR line shapes were analyzed by the Tikhonov regu
ization method5,6 to deduce the experimental local polariz
tion distributionW(p). Additionally, we showed experimen
tally to be in the fast motional regime for the studie
temperature range. Therefore, the line shape is proporti
to W(p) only. A very crucial point is the normalization o
the ENDOR line scale with respect to the local order para
eterp. In the Tikhonov regularization calculations this sca
ing was self-consistently done by taking the scaling u
v15Dv/2 ~see Sec. III! as an independent adjustable para
eter. This scaling procedure is confirmed by the experime
line shapes themselves. The frequencies (v02v1)/2p
59.2 MHz as the mean value of the low-frequency end of
the ENDOR lines corresponding top51 and v0/2p
512.1 MHz as the central position of the ENDOR line
room temperature corresponding top50 gives v1/2p
52.9 MHz in good agreement with the Tikhonov regulariz
tion result.

ESEEM investigations were performed on an ESP 3
Bruker FT ESR spectrometer. Two-dimensional~2D!
ESEEM spectra were recorded using the hyperfine subl
correlation spectroscopy~HYSCORE! sequence (p/22t
2p/22t12p2t22p/22t2echo) with a pulse delayt
5120 ns ort5208 ns to enhance proton or deuteron mod
lation, respectively. 256 steps int1 andt2 were sampled with
16 ns~proton spectra! or 48 ns~deuteron spectra! dwell time.
The echo decay was eliminated by a third-order polynom
base line correction of the experimental data set in both t
domains. Before 2D Fourier transformation~FT! the data set
was zero filled to 102431024 points. The 2D FT powe
spectra were calculated and presented as contour plots
ESEEM spectra were recorded at the high-field signal of
PO3

22 ESR doublet with the external magnetic fieldB di-
rected parallel to the crystallographic bc plane w
/(B,c)520° or /(B,c)545°. For these orientations th
ESR signals of the two magnetically nonequivalent PO3

22

sites are well separated avoiding excitation of different cr
tallographic sites by the microwave pulses whi
might complicate the interpretation of th
ESEEM spectra.
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III. THEORY

Some years ago, theories of magnetic resonance
shape in proton glasses12 were published where the effect o
the tunneling motion of the protons in randomly mixed ferr
electric crystals was studied. Mean-field theory~MFT! was
applied to the infinite-range model of an Ising spin glass w
a transverse field describing the tunneling of a proton in
hydrogen bond. Two mechanisms have been discussed
the interplay of tunneling and thermally activated motion
the protons which both could be effective in real system
depending on the temperature.12 For the first mechanism it is
assumed that the heat-bath coupling does not only cause
dom hopping of the proton from one site to another in
double-well potential, but also leads to incoherence in
tunneling process. The authors expect that this mechanis
dominant at higher temperatures. For the second mecha
predominating at low temperatures it is presupposed
only the hopping of the proton is aided by the stochas
forces of the heat-bath while tunneling remains uneffec
and coherent. The interplay of tunneling and spin-glass-
ordering phenomena leads to characteristic features in
magnetic-resonance line shapes which permit discrimina
between tunneling processes and classical thermally
vated intrabond hopping across the potential barrier in pro
glasses. This characteristic feature in the line shape doe
show up only in the transition region from fast to slow m
tional regime,12 manifesting itself in the appearance of a
additional central line, but also in the fast motional regim
because of the very special form of the order-parameter
tribution functionW(p) due to proton tunneling. In the fol
lowing, the main results of the theoretical approach for
simplified case of incoherent tunneling12 are shortly outlined
because this mechanism should be dominant in the exp
mentally studied temperature range.

It is assumed that the proton in an O-H•••O hydrogen
bond moves in a double-well potential such that it spe
most of its time at the bottom of either the left or the rig
well and very little in between. This is considered to be
two-level system described by the pseudospin variablesSz

561/2, which designate the left or right position of th
proton in the double well. The proton with the nuclear sp
I51/2 will have the nuclear magnetic resonance frequen
vL andvR when it is on left and right side of the potentia
respectively. The frequenciesvL andvR result from transi-
tions between the eigenstates of the nuclear-spin ope
I z561/2 in the Hamiltonian for a proton in an isolate
double well

H5v̄I z1DvI z, ~3.1!

where

v̄51/2~vL1vR!, Dv5vR2vL . ~3.2!

Including now interwell interaction, random electric field
and the possibility of tunneling between the two proton si
in a hydrogen bond, the Hamiltonian in Eq.~3.1! is to be
extended by the terms of the interacting pseudospin sys
to
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H5v̄(
i
I i
z1Dv(

i
I i
zSi

z21/2(
i , j

Ji j Si
zSj

z2V(
i
Si
x

2(
i
f iSi

z . ~3.3!

Here,V is the tunneling frequency,Ji j is the infinite-ranged
quenched random interaction between the pseudospinsSi

z ,
and f i represents the random longitudinal field at sitei . The
quantitiesJi j and f i are supposed to be distributed indepe
dently one from another according to their respective Gau
ian probability distributions:

P~Ji j !5
1

A2pJ2
expS 2

~Ji j2J0!
2

2J2 D , ~3.4!

P~ f i !5
1

A2pD
expS 2

f i
2

2D D . ~3.5!

The varianceJ of the random interactions determines t
nominal glass temperatureT0[J/4, and often the variance o
the random fieldD is expressed by the temperatureTf

[AD/25T0AD̃ with D̃[4D/J2. Though, in analogy to the
nontunneling case3,6 we take into consideration a nonze
mean of the random interactions^Ji j &5J0Þ0.

The pseudospin system is treated within the framework
a MFT of a quantum spin glass. The static effective sin
spin Hamiltonian can then be written as

H05DvI zSz2hSz2VSx ~3.6!

with an effective field

h5h~ z̃!5
J

2
Aq1D̃ z̃1J0p̄ ~3.7!

acting on the pseudospin along thez axis due to a nonzero
spin-glass order parameterq and a long-range polarizatio
p̄ wherez̃ is a Gaussian noise field. The last equation diffe
from the original one in Ref. 11 in so far as we have includ
the termJ0p̄ which refers to a nonzero mean of the quench
random interaction between the pseudospins. Thus the
field has the strength

h0~ z̃!5AV21h~ z̃!2. ~3.8!

The mean-field equations for the local polarizationp, its
nonzero meanp̄ and the spin-glass order parameterq are
then obtained as

p~ z̃!5r ~ z̃!tanhS 12 bh0~ z̃! D , b5
1

kBT
, ~3.9!

with

r ~ z̃!5
h~ z̃!

h0~ z̃!
, ~3.9a!

p̄5
1

A2p
E

2`

1`

exp~2 z̃ 2/2!p~ z̃!dz̃ ~3.10!

and
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12 154 55G. VÖLKEL et al.
q5
1

A2p
E

2`

1`

exp~2 z̃ 2/2!p~ z̃!2dz̃. ~3.11!

The local polarization distributionW(p) has been calculate
to take the form

W~p!5
4 exp~2z0

2/2!

bJAq1D̃
S r ~z0!21 2V2

bh~z0!h0~z0!
2 p2p2D 21

,

~3.12!

wherez05z0(p) is the solution of Eq.~3.9! for a givenp
value. This equation includes now also the case of a non
average order parameterp̄ because of Eq.~3.7!. Conse-
quently, we are able to model a system which can underg
transition into a long-range ordered state but with consid
able distribution of the local order parameter.

Until now the static properties of the system were on
considered. In order to model its dynamics the system
assumed to be placed in contact with a heat bath. Howe
one expects the heat bath to induce not only classic the
fluctuations but quantum fluctuations as well, leading to ‘‘
coherence’’ in tunneling. The usual way in the spirit of t
kinetic Ising model of the Glauber type is to add to the sta
Hamiltonian in Eq.~3.6! coupling terms to the heat bat
which are off diagonal in the representation whereSz is di-
agonal. WhenVÞ0, however, the appropriate quantizatio
axis is not longer parallel toz but somewhere in-between th
z andx directions. The simplest coupling to the heat bath
then assumed to be proportional to an operator that is str
off diagonal in this new representation of the quantizat
axis of the quasispins. Using these assumptions, an i
vidual line-shape function

I ~v,p!5
1

4p

l~Dv!2@r ~z0!
22p2#

$v221/4@r ~z0!Dv#2%21l2@v2~1/2!pDv#2

~3.13!

is derived in the limit of a large ratioJ/Dv for a proton in a
double-well potential which is at the same time subjected
thermal fluctuations with a relaxation ratel and to incoher-
ent tunneling.

The total line shape is given by

I ~v!5E
21

11

dp W~p!I ~v,p!, ~3.14!

which reduces to

I ~v!5
1

Dv/2
WS v

Dv/2D ~3.15!

in the fast motion limit. Consequently, in the fast motio
regime, the order-parameter distribution functionW(p) is
immediately given by the ENDOR line shape.

IV. RESULTS

The experimentally determined temperature depende
of the local order parameter distributionW(p) of proton H13
is shown on the left side of Fig. 2. It was evaluated by me
of the Tikhonov regularization technique from the ENDO
spectra.5,6 Thep scale is normalized as mentioned in Sec
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and theW scale such that*1
21W(p)dp51. The experimental

W(p) functions appear to be symmetric with respect top
50. This is related to the special lattice site position of t
protons H13 and H15 in the unit cell.

For simplicity, let us consider the isostructural BPI cry
tal. In the nonpolar phase of BPI, both protons are at lat
sites which are inversion centers with respect to the t
neighbored phosphite groups. As a consequence, one w
not obtain a linear relation between proton or deuteron
larization and NMR line shift in the polar phase with NM
techniques. However, in the case of ENDOR spectrosco
the protons are detected via their hyperfine~hf! coupling to
the attached PO3

22 probe. The hf interaction does not sho
inversional symmetry with respect to the proton positio
Therefore, a linear relation between the ENDOR line sh
and the proton polarizationp is not inconsistent with the
local symmetry of the PO3-H13 ~H15! complex in BPI-type
crystals. However, as the proton positions are symmetric
the nonpolar case with respect to the two neighbored ph
phite groups labeledA and B, protons at equivalent site
with the same local polarization vector lead to ENDOR li
shifts of opposite signs when the PO3

22 probe is situated a
A and B positions, respectively. The local symmetry rel
tions for the proton sites in the mixed crystal are, in pr
ciple, similar.

These symmetry properties of the ENDOR spectra hav
be taken into account in the case of nonzero long-range o
of the proton system. The ENDOR spectrum consists the
two overlapping spectra for a defined sign of the avera
order parameterp̄. Both spectra are inverted one to anoth

FIG. 2. Local order-parameter distribution functionW(p) of
proton H13, attached to the PO3

22 probe in BP0.15BPI0.85, for the
temperatures 290 K~with highestW value atp50!, 250, 210, 170,
130, 120, and 90 K~with lowestW value atp50!. The experimen-
talW(p) distribution function is shown on left side. It was obtaine
from the ENDOR spectra taken at a magnetic-field direction in
crystallographicac plane forming an angle of 20° with thec axis.
The theoreticalW(p) distribution function according to the quan
tum Ising glass model is presented on right side. It was calcula
using Eq.~3.12! and the parameter set given in the text. TheD̃
values were 10 forT.144 K and 3.4, 3.5, and 4.0 forT,144 K.
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with respect top50. We showed in our former paper6 that a
nonzero average proton polarizationpÞ0 does exist for tem-
peratures belowTC5144 K. Thus, the experimentally ob
tained symmetricW(p) distribution shown in Fig. 2 has to
be interpreted as consisting of two overlapping nonsymm
ric parts

W~p!5W8~p!1W8~2p!, ~4.1!

where the average order parameter of the protons is give

p̄5E
21

11

pW8~p!dp. ~4.2!

For that reason,W(p) shown in Fig. 2 was empirically de
convoluted intoW8(p). This procedure allows us to calcu
late numerically the temperature dependence of the ave
proton order parameterp̄ according to Eq.~4.2!. The result is
presented in Fig. 3. For the determination of the Edwar
Anderson glass order parameterq, there are no such prob
lems. It can immediately be calculated from the experimen
W(p) distribution asq is defined by

q5
1

2 E
21

11

p2W8~p!dp1
1

2 E
21

11

p2W8~2p!dp

5
1

2 E
21

11

p2W~p!dp. ~4.3!

The temperature dependence of the experimental glass o
parameterq determined from the ENDOR spectra accordi
to Eq. ~4.3! is also shown in Fig. 3.

When tunneling is of importance for the protons but n
for the deuterons, one can expect that even in a parti
deuterated crystal the local polarizations of the protons
deuterons are different. Measurements of the local polar
tions in a partially deuterated crystal have the big advant
that protons and deuterons are studied at the same phy
conditions. We employed HYSCORE experiments in ord
to detect differences between the local polarization of

FIG. 3. Temperature dependence of the experimental long-ra
order parameterp̄ ~open circles! and the Edwards-Anderson glas
order parameterq ~full circles! of proton H13 attached to the
PO3

22 probe in BP0.15BPI0.85. The quantitiesp̄ andq were obtained
as the first and second moment of the experimentalW(p). The solid
lines were calculated according to Eqs.~3.10! and ~3.11! of the
quantum Ising glass model using the parameters given in the t
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protons H13, H15 and the deuterons D13, D15 substitute
the same positions in a highly deuterated DBP0.15DBPI0.85
crystal. In the HYSCORE experiment of aS51/2, I51/2
spin system with small hyperfine coupling (uAu,2n I) the
correlations between the nuclear coherences of the two
ferent electron spin (MS) manifolds lead to cross peak
(na ,nb), (nb ,na) in the 2D spectra. Heren I is the nuclear
Larmor frequency,A denotes the hyperfine coupling, an
na ,nb are the nuclear transition frequencies in the two d
ferentMS states. In the case of aS51/2, I51 spin system
and small nuclear quadrupole interactionnQ (unQu!n I ,uAu)
as typical for deuteron nuclei, the nuclear quadrupole in
action gives rise to four nuclear transitions with the freque
cies n125na1nQ , n235na2nQ , n455nb1nQ and n56
5nb2nQ , wherenQ is the nuclear quadrupole frequenc
Thus, we would expect eight cross peaks (n12,n45),
(n12,n56), (n23,n45), (n23,n56), (n45,n12), (n45,n23),
(n56,n12), and (n56,n23) in the 2D spectrum. However, in
the case of aS51/2, I51 spin system with small quadru
pole interactions, these cross peaks are weighted by diffe
intensity factors depending on the modulation depth para
eterK and the pulse delay timet in a similar manner as the
modulation in the 1D four-pulse ESEEM experiment.20 An
analysis of these intensity factors reveals that the four cr
peaks (n12,n45), (n23,n56), (n45,n12), and (n56,n23) have
intensities proportional toK in the limit of small hyperfine
couplings whereas the intensity of all other peaks are prop
tional to a higher power inK. As K!1 usually holds in
ESEEM experiments, the peaks (n12,n45), (n23,n56),
(n45,n12), and (n56,n23) will dominate the 2D deuteron
spectra in our case. A more detailed analysis of the cro
peak intensities in HYSCORE experiments in the limit
small nuclear quadrupole interactions will be given els
where.

Proton HYSCORE spectra recorded at room tempera
for two different orientations are illustrated in Fig. 4. Th
assignment of the observed nuclear transition frequencie
the protons H13 and H15 are based on an angular de
dence measured by the five-pulse sequence and a subse
comparison with the hyperfine coupling tensors of H13 a
H15 in BP0.15BPI0.85 given in a previous paper.6 Cross-peak
features were only observed in the first quadrant of the
plot as the conditionuAu,2n1 is valid for both protons H13
and H15.6 The cross peaks of proton H13 at~18.07,14.71!
MHz and ~14.71,18.07! MHz are well separated from thos
of proton H15 at~18.43,13.55! MHz and~13.55,18.43! MHz
for an orientation/(B,c)545° @Fig. 4~a!# due to different
anisotropic hyperfine couplings of both protons for the
lected orientation.21 However, the cross peaks of both pr
tons H13, H15 display a ridge-type shape indicating a stro
inhomogeneous line broadening of the hyperfine sign
which is caused by a distribution of the individual hyperfi
coupling parameters.22 These hyperfine coupling distribu
tions reflect a variation of the local order parameter wh
can be observed in proton glass systems with strong ran
fields such as BP12xBPIx even far above the nominal glas
transition temperature. For the other investigated orientat
/(B,c)520°, the separation between the cross peaks
H13 and H15 is smaller and the correlation peaks merge
each other@Fig. 4~b!# due to the strong inhomogeneou
broadening of the hyperfine signals.
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Deuteron HYSCORE spectra taken at the same orie
tions at room temperature are presented in Fig. 5. As in
case of protons, the assignment of the nuclear transition
quencies to the deuteron nuclei D13 and D15 is based
measurement of their angular dependence using the
pulse sequence. Again the line shape of the cross peak
D13 and D15 reveals a remarkable inhomogeneous broa
ing of the corresponding nuclear transition frequencies wh
prevents a better resolved deuteron HYSCORE spectr
The cross peaks of both deuteron nuclei could even no

FIG. 4. HYSCORE spectra of protons H13 and H15
g-irradiated DBP0.15DBPI0.85 at 297 K. The spectra were obtaine
with B within the bc plane and~a! /(B,c)545° ~b! /(B,c)
520°.
a-
e
e-
a
e-
of
n-
h
m.
be

resolved for/(B,c)545° as the nuclear quadrupole inte
action of the deuteron nuclei leads to an additional l
broadening of the correlation peaks. As for H13 and H15,
inhomogeneously broadened cross peaks of D13 and
likewise indicate a variation of the local order parameter
the deuterated hydrogen bonds.

Figure 6 shows a proton HYSCORE spectrum
g-irradiated DBP0.15DBPI0.85 at T510 K. The 2D spectrum
reveals cross peaks of protons H13 and H15 in their m
close and far positions labeled by H13c , H13f , H15c , and
H15f . Their nuclear transition frequencies have been de

FIG. 5. HYSCORE spectra of deuteron nuclei D13 and D15
g-irradiated DBP0.15DBPI0.85 at 297 K. The spectra were obtaine
with B in the bc plane and~a! /(B,c)545°, ~b! /(B,c)520°.
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mined from the 2D plot in Fig. 6 and are summarized
Table I. Close and far positions of the protons H13 and H
have also been observed in nondeuterated BP0.15BPI0.85 at
low temperatures.6 It was shown that there, these positio
correspond to a local polarization ofupu'0.7. Furthermore it
is obvious from Fig. 6 that although the ridge-type shape
the cross peaks is not as pronounced as atT5297 K ~Fig. 4!
the cross-peak shape of the protons H13c , H13f , H15c , and
H15f still indicates some inhomogeneous broadening of
nuclear transition frequencies atT510 K.

A deuteron HYSCORE spectrum atT510 K is illustrated
in Fig. 7~a!. Eight intensive cross peaks are clearly resolv
We assign these peaks to the correlation peaks (n12,n45),
(n23,n56), (n45,n12), and (n56,n23) of the mean close posi
tions D13c and D15c . An inspection of the central part of th
deuteron 2D spectrum reveals the less intensive eight c
peaks of the mean far positions D13f and D15f @Fig. 7~b!#.
The deuteron cross peaks show a circular shape which

FIG. 6. Proton HYSCORE spectrum ofg-irradiated
DBP0.15DBPI0.85at 10 K. The marksc and f refer to the mean close
and far positions of the protons H13 and H15 with respect to
PO3

22 center. The spectra were obtained withB in the bc plane at
/(B,c)520°.
5

f

e

.

ss

i-

cates the absence of any inhomogeneous broadening due
variation of the local polarizations within the experimen
error. The deuteron nuclear transition frequencies of D1c ,
D13f , D15c , and D15f estimated from the HYSCORE spec
trum are likewise summarized in Table I. In order to com
pare the frequency splittingsDna/b(D13)5na/b(D13c)
2na/b(D13f) and Dna/b(D15)5na/b(D15c)2na/b(D15f)
between the close and far positions of the deuteron nu
with those of the protons H13 and H15, the deuteron nuc
transition frequencies without quadrupole splitting were c
culated according to

na/b5
n12/451n23/56

2
. ~4.4!

The frequenciesna/b of the deuteron nuclei are also include
in Table I. It was shown in a previous ENDOR study on B
that the frequency splittingsDna/b(H13) andDna/b(H15)
are linearly related to the local polarizationpH within the
hydrogen bonds H13 and H15.19 It is supposed that the sam
holds true for the deuterons also.

V. DISCUSSION

The comparison with the theory outlined above, lead
to the determination of the model parameters, was don
the following way. In the first step, the self-consistent syst
of Eqs.~3.10! and~3.11! for the average proton order param
eter p̄ and the proton glass order parameterq was numeri-
cally solved, starting with parametersJ0 ,J̃,D̃ from the non-
tunneling case. The model parameters includingV were
varied such that the calculated glass order parameterq came
close to the experimental one. In the next step, taking th
parameters, the order-parameter distribution function gi
by Eq.~3.12! was calculated withz05z0(p) as the numerical
solution of Eq. ~3.9! for every considered value
21<p<11. The distribution functionW(p) depends more
sensitively on the model parameters as the integral valueq.
Therefore, the parameters were fine-tuned by adapting
theoreticalW(p) to the experimental one. In the last step, t
theoretical values ofq and p̄ were calculated with this fina
parameter set. The results are illustrated in Figs. 2 and
solid lines. The following parameters were obtaine
J0/4kB5200 K, J̃/4kB530 K, andV/kB5250 K. The pa-
rameterD̃ for the variance of the stochastic local field ha
to be adapted for every temperature under study separate

e

3,
TABLE I. Nuclear transition frequenciesn i j5v i j /2p of the mean close and far positions of protons H1
H15 and deuteron nuclei D13 and D15 as determined from HYSCORE experiments atT510 K.

n12 n23 n45 n56 na nb

H13c 11.07 21.83
H13f 14.31 18.10
H15c 11.54 21.10
H15f 11.90 17.36

D13c 1.709 1.607 3.438 3.343 1.658 3.391
D13f 2.250 2.143 2.822 2.696 2.197 2.759
D15c 1.719 1.719 3.337 2.255 1.719 3.296
D15f 2.290 2.290 2.686 2.604 2.290 2.645
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shows the following peculiarity: a temperature-independ
value D̃510 is only estimated aboveTC5144 K, whereas
D̃ drops steplikely down to a valueD̃52.5 atTC and rises up
again with decreasing temperature toD̃54 atT590 K. We
assume that this peculiarity is related to the presence of lo

FIG. 7. Deuteron HYSCORE spectrum ofg-irradiated
DBP0.15DBPI0.85at 10 K. The marksc and f refer to the mean close
and far positions of the deuteron nuclei D13 and D15 with resp
to the PO3

22 center. In~a! and ~b! different contour levels and fre
quency scales are used as the cross peaks of D13f and D15f are less
intense and closer to the Larmor frequency as those of D13c and
D15c . The spectra were obtained withB in the bc plane and
/(B,c)520°.
t

g-

range ordered domains. As already argued in our previ
paper,6 the temperature dependence of the stochastic fi
belowTC might be attributed to a rearrangement of the lo
proton polarization with the growing up of domains which
not considered in the used theory. With the entrance into
long-range ordered phase, the nucleation of domains is s
ing in such a manner that their directions coincide with t
mean direction of the local fields in this area. Consequen
the variance of the local fields is apparently reduced as m
of the local-field directions coincide with the direction of th
mean proton polarization. With growing up of the doma
areas by lowering the temperature, more and more local-fi
positions are incorporated into the domain with conflicti
directions which results in an increasing of the local-fie
variance. However, we have now to regard the presence
nonzero mean polarization. As a consequence, a large n
ber of local fields becomes nearly ineffective because th
directions coincide with the direction of the mean polariz
tion. Therefore, the variance of local fields in the order
phase is distinctly lower than aboveTC .

It is worth mentioning that the appearance of an ad
tional central line in the transition region from the fast to t
slow motional regime is considered to be an unequivo
indication of proton tunneling.12 However, such a central line
cannot be expected in our case with the above paramete
as the following considerations show. The reasons for t
are the strong local fields at the proton sites caused by b
the large stochastic fields and the long-range order, as se
Eq. ~3.7!. Using Eqs.~3.14!, ~3.12!, and ~3.13!, the line
shapeI (p) was calculated with the above parameter set
for T530 K assuming a relaxation ratel/Dv51. The re-
sulting line shapeI (p) is presented in Fig. 8 together wit
the order-parameter distribution functionW(p) on a normal-
ized scale 2v/Dv5p. No central line at all appears in th
magnetic resonance line shapeI (p). Both I (p) andW(p)
are practically identical.

In order to inspect whether the local polarization of
proton in the hydrogen bond is really smaller than that of

ct

FIG. 8. Local order-parameter distributionW and ENDOR line
shapeI calculated for 30 K according to Eqs.~3.12!, ~3.13!, and
~3.14! with the parameters obtained at 90 K but using a relaxat
rate l/Dv51. Both curves are identical on the normalized sc
2v/Dv5p. No central line appears due to tunneling in the calc
lated ENDOR line shapeI under the present conditions. Th
ENDOR line is still rather broad due to the remaining distributi
of the local order parameterp.
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substituted deuteron, additional ESEEM pulse experime
were performed on a 85% deuterated sample
BP0.15BPI0.85 at room temperature andT510 K. The static
magnetic field was applied in directions where both the p
tons H13, H15 and deuterons D13, D15 were detectable
gave separate lines with a linear relation between END
line position and local polarization. The room-temperatu
HYSCORE spectra of the protons and deuterons as well
definitely strongly inhomogeneously broadened as the rid
type cross-peak shape22 in Figs. 4 and 5 shows. Such a b
havior is the expected one for a local order-parameter di
bution as present in a proton or deuteron glass. T
HYSCORE spectra of the protons H13, H15 and deuter
D13, D15 at 10 K, however, show a striking qualitative
different cross-peak shape. Whereas the deuteron cross p
are of circular shape which is typical for a homogeneo
line, the protons still show a ridge-type shape indicating
inhomogeneous broadening. This different behavior is a
an indication for the appearance of proton tunneling as
model calculations show. We see in Fig. 8 that the calcula
proton line at 30 K is considerably inhomogeneously bro
ened due to the still present local order-parameter distr
tion. The reason for this distribution at low temperatures
the influence of tunneling. Using the same parameter set
without tunneling (V50), the resulting line shape is show
in Fig. 9. Now one obtains a very sharp line atp51 which is
nearly perfectly homogeneous. This explains the circu
cross-peak line shape of the deuterons for which tunnelin
nearly not of importance.

As the investigation of the protons and deuterons w
done at the same crystal sample, a direct comparison of
local polarizations is allowed. As already mentioned at
end of the former chapter, the local polarizationp of the
proton or deuteron in the hydrogen bond is proportiona
the frequency splittingDna/b . When we assume that th
factor of proportionality for protons and deuterons is a
scaled with the quotient of their gyromagnetic ratios, t
local polarizations of the deuterated hydrogen bonds D

FIG. 9. ENDOR line shapeI on the normalized scale 2v/Dv
5p calculated for 30 K according to Eqs.~3.12!, ~3.13!, and~3.14!
with the parameters obtained at 90 K using a relaxation
l/Dv51 but puttingV50. Due to the absence of tunneling th
ENDOR line appears very close top51 and is very sharp becaus
there is almost no distribution ofp present anymore. Please note t
strongly extendedp scale.
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and D15 can be compared with those of the nondeuter
bonds formed by protons H13 and H15 according to

pH /pD~H13!5Una/b~H13c!2na/b~H13f !

na/b~D13c!2na/b~D13f !
U

and

pH /pD~H15!5Una/b~H15c!2na/b~H15f !

na/b~D15c!2na/b~D15f !
U. ~5.1!

The quantitiespH and pD denote the local polarizations o
the O-H•••O and O-D•••O bonds, respectively.

The different local polarizations of the protonated a
deuterated hydrogen bonds become obvious by a compa
of the projections of the proton and deuteron HYSCOR
spectra onto then1 frequency axis~Fig. 10!. For this purpose
the frequency scale of the deuteron spectrum was adapte
those of the proton spectrum by multiplying the deuter

FIG. 10. Projections of the HYSCORE spectra atT510 K onto
the n1 frequency axis. The deuteron spectrum is scaled by mu
plying the deuteron frequencies by the quotient of the gyromagn
ratiosnH /nD : ~a! projection of the deuteron HYSCORE spectrum
~b! projection of the proton HYSCORE spectrum. The spectra w
obtained withB in thebc plane and/(B,c)520°.
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12 160 55G. VÖLKEL et al.
frequencies by the quotient of the gyromagnetic rat
nH /nD . The assignment of the deuteron frequencies
D13c , D15c , D13f , and D15f was based on the interpreta
tion of the deuteron 2D spectrum~Fig. 7!. Figure 10 shows
clearly that the splittings for the protons H13 and H15 b
tween their mean close and far positions are smaller t
those of the corresponding deuteron nuclei D13 and D15.
this renormalized frequency scale the line splittingsDna/b
are a direct measure of the local proton and deuteron po
ization as shown schematically on the high-frequency sid
Fig. 10. Taking the experimental values from Table I w
estimate using Eqs.~5.1! pH /pD(H13)50.9160.04 and
pH /pD(H15)50.8960.05.

As one may assume that for deuterons the tunneling c
tribution is negligible, this experimental result obtained f
the deuterated crystal confirms the findings for the pro
nated system. The normalized local proton polarizationp
remains smaller than one down to the lowest temperat
which underlines the importance of proton tunneling with
the framework of the above applied model.
S.
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VI. CONCLUSIONS

High-resolution electron spin resonance~ESR! experi-
ments on~betaine phosphate!0.15~betaine phosphite!0.85 pro-
vide a direct access to the study of the local proton polar
tion distribution and the glass order parameter in a pro
glass. The attempt to describe the experimental beha
within the framework of the random-bond random-fie
~RBRF! Ising glass worked out for deuteron glasses suff
in conspicuous insufficiency at least at lower temperatu
Taking into consideration the influence of proton tunneli
by using the model of a quantum RBRF Ising glass,
experimental results can fully be described when a tunne
energyV/kB5250 K has been used. This value is of th
same order of magnitude as the tunneling energyVTC

/kB
5440 K that has to be taken in order to explain the shift
TC from 220 K in protonated betaine phosphite to about 3
K in the deuterated compound. Therefore, we conclu
quantum tunneling of the protons to be of relevant imp
tance in betaine phosphate/phosphite proton glasses.
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