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The proton ENDOR spectra of BP0.15BPI0.85 taken between 90 and 290 K allow a direct determination of the
local polarization distributionW(p) of the protons in the hydrogen bonds linking the phosphate and phosphite
groups to chains. The temperature dependence of the Edwards-Anderson glass order parameter can be de-
scribed by a random-field dominated proton glass behavior in BP0.15BPI0.85with a glass temperature ofTG530
K and a random-field induced freezing temperature ofTf5(9565) K. The experimental results do not permit
one to discriminate between three-dimensional~3D! or quasi-one-dimensional interactions of the hydrogen
bonds. The experimentally determined polarization distribution functionW(p) can be described to a certain
extent within the 3D random-bond random-field model if a long-range order of the protons is introduced by a
non-zero meanJ̃0/kB5160 K of the random-bond interaction. Additionally, the local field varianceD̃ has to be
taken as a temperature-dependent parameter with a minimal value at the resulting phase transition at 144 K.
However, even at lowest temperatures the maxima of the order parameter distribution functionW(p) appear at
values of the local proton polarization distinctly smaller than one. This is not describable within the above
models. We conclude that proton tunneling is of importance in betaine phosphite-phosphate proton glasses.
@S0163-1829~96!05938-3#

I. INTRODUCTION

Betaine phosphite~BPI! ~CH3!3NCH2COOH3PO3 and be-
taine phosphate~BP! ~CH3!3NCH2COOH3PO4 belong to the
well-known family of betaine additive compounds1–4 which
shows an impressive variety of ordered phases. Both com-
pounds, BPI and BP, undergo a phase transition from a
paraelectric high-temperature phase with space groupP21/m
to an antiferrodistortive phase with space groupP21/c at
355 K ~BPI! and 365 K~BP!, respectively. BPI experiences
a second transition into a ferroelectric ordered low-
temperature phase with space groupP21 at 220 K. BP shows
two further structural transitions at 86 K into a ferroelectric
intermediate phase ofP21 symmetry,

5 and at 81 K into an
antiferroelectric low-temperature phase with doubling of the
unit cell along the crystallographica direction. The structure
of both compounds6,7 is very similar. The inorganic tetrahe-
dral PO4 or HPO3 groups are linked by hydrogen bonds
forming zig-zag chains along the monoclinicb axis ~Fig. 1!.
The betaine molecules are arranged almost perpendicular to
this chains along thea direction and linked by one~BPI! or
two ~BP! hydrogen bonds to the inorganic group. The tem-
perature dependence of the dielectric permittivity of both
compounds shows evidence for a quasi-one-dimensional be-
havior as the coupling between the electric dipolar units
along the chains is much stronger than perpendicular to it.7,8

Deuteration of the hydrogen bonds leads to an increase of
the transition temperature into the low-temperature phases of
BP and BPI by about 70 K.9,10 This gives strong evidence

that the hydrogen bonds play an important role in the ferro-
electric and antiferroelectric transition. In recent papers11–15

we studied the phase transitions and the proton order in the
hydrogen bonds in BPI by means of electron spin resonance
~ESR!, electron nuclear double resonance~ENDOR! and

FIG. 1. Schematic drawing of the structure of betaine phosphite
showing the chains of HPO3 groups linked by hydrogen bonds with
the protonsH13 andH15. The betaine molecules are bound to the
HPO3 groups by one hydrogen bond with the protonH12. In the
mixed crystal, HPO3 is partially substituted by PO4 to which the
betaine is bound by two hydrogen bonds. Projection on the crystal-
lographicab plane with the atomic coordinates taken from Ref. 7.
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electron spin echo envelope modulation~ESEEM! tech-
niques. We showed that the ferroelectric transition in BPI is
closely related to the ordering of the protons in the two hy-
drogen bonds linking the HPO3 groups to chains along the
crystallographicb axis. Dielectric measurements on BPI
~Ref. 16! revealed that the ferroelectric transition of order-
disorder type is caused by a relaxational soft mode related to
the proton motion. The ordering processes in BP and BPI
show some certain similarities with that of representatives of
the well-known KH2PO4 ~KDP! family17 in so far as also the
ordering of the protons in the double minimum potential of
hydrogen bonds linking the PO4 or HPO3 groups appears to
be the most striking structural order mechanism. However,
whereas in the KDP family the hydrogen bridges form a
three-dimensional network, the hydrogen bonds in the be-
taine compounds are arranged in quasi-one-dimensional
chains which results in a peculiar ordering behavior.

The two almost isostructural compounds BP and BPI
form solid solutions at any concentration. Similar as in the
KDP family, mixed crystals of antiferroelectric betaine phos-
phate and ferroelectric betaine phosphite BPxBPI12x show
phase transitions to long-range ordered or to glassy states in
dependence on the ratiox of both compounds.18–22 The
phase diagram of BPxBPI12x can be divided into three re-
gions: a first one withx.0.7 where a transition into an an-
tiferroelectric ordered state appears, a second one with 0.7
.x.0.1 in which glassy behavior is observed at low
temperatures, and a third region with a ferroelectric ordered
low temperature phase forx,0.1. Dielectric measurements
revealed proton glass behavior forx50.15, 0.20, 0.40, 0.50,
and 0.60.18,21–23Recently, the static freezing transition at fi-
nite temperature was found in a deuterated mixed crystal
with x50.40.24

The glassy state in hydrogen bonded mixed crystals con-
sisting of a ferroelectric and an antiferroelectric component
is considered to be a consequence of frustrating interactions
of the electric dipoles formed by the O-H...O bonds. To de-
cide whether the glassy transition is driven by randomly frus-
trated competing interactions7–9 or governed by strong ran-
dom fields, it is necessary to know the temperature
dependence of the Edwards-Anderson glass order parameter
q.25–29

Recently, we showed by ESR and ENDOR studies11–15

thatg irradiation of BPI single crystals produces stable PO3
22

centers~electron spinS5 1
2 ! which are appropriate probes to

investigate the local polarization of the protons in the hydro-
gen bridges linking the phosphite groups to chains along the
b axis. We showed that a linear relation exists between the
ENDOR line shift and the spontaneous polarization at vari-
ous temperatures. Therefore, the investigation of the tem-
perature dependence of the1H electron nuclear double reso-
nance~ENDOR! spectra ing irradiated BP0.15BPI0.85 should
allow one to measure the local polarization distribution of
the protons in this mixed compound and to draw conclusions
on the ordering behavior. As recently shown~Ref. 30!, 1H
ENDOR spectra analyzed with the Tikhonov regularization
method provide a direct experimental access to the local po-
larization distribution functionW(p) which is directly re-
lated to the Edwards-Anderson parameterq.

In comparison to NMR spectroscopy the ENDOR tech-
nique has the advantage that because of the hyperfine inter-

action of protons with the paramagnetic PO3
22 probe one can

select the protons of interest in the hydrogen bonds linking
the phosphorous groups to chains along theb axis from all
the other protons present in the compound. The hyperfine
coupling changes very sensitively with the variation of the
proton distance from the PO3

22 center. And last but not least,
this technique is applicable also to deuterated or partially
deuterated samples so that a direct comparison of the local
proton and deuteron order becomes practicable even in the
same sample. This is of special interest with respect to the
still open problem of proton tunneling.31,32Another problem
is related with the proton dynamics. It is important to know
if the thermal proton motion within the hydrogen bond is
slow or fast with respect to the time scale of the experiment.
Such a determination can be made by means of a two-
dimensional electron spin echo envelope modulation~2D
ESEEM! technique using the HYSCORE~hyperfine sublevel
correlation spectroscopy! sequence.33 This experiment per-
mits one to separate the homogeneous from the inhomoge-
neous part of the broadening of an ENDOR line.34 The ho-
mogeneous line broadening is a sensitive measure of the
slowing down of the proton dynamics. In this paper the pro-
ton order in the BP0.15BPI0.85 mixed crystal is studied by
ENDOR, HYSCORE and electron spin relaxation time mea-
surements.

II. EXPERIMENTAL

BP0.15BPI0.85 single crystals were grown by controlled
evaporation from aqueous solution containing betaine with
15% of H3PO3 and 85% H3PO4. For ENDOR investigations
the crystals wereg irradiated with a dose of about 2 Mrad to
form the paramagnetic PO3

22 probe. The ESR, ENDOR, and
ESEEM experiments have been carried out with a Bruker
ESP 380 E FT/CW ESR spectrometer working inx band.
Temperature variations in the range from 77 to 290 K were
done with a liquid nitrogen flow cryostat whereas measure-
ments below 77 K were performed using an Oxford CF 935
cryostat. All ENDOR experiments were performed by satu-
ration of the high field ESR line of the PO3

22 centers. For the
ESEEM experiments pulse lengths of 12 ns forp/2 pulses
and 24 ns forp pulses were used. In the 2D spectra 256
points were sampled with 126 ns increment in both time
domainst1 andt2 . A four-step phase cycle was used to avoid
interference with unwanted two and three pulse echoes. The
echo decay has been eliminated by a fourth-order polynomi-
nal base line correction of the experimental data set in both
time domains. No apodization functions were used to avoid
additional line shape distortions. Before 2D Fourier transfor-
mation~FT! the data set was zero filled to 1 kilo-byte in both
time domains. After 2D Fourier transformation the power
spectra were calculated and presented as contour plots. The
spin-lattice relaxation timeT1 was measured by means of the
inversion recovery method usingp-T-p/2-t-p-t-echo se-
quence or by signal saturation of the primary echo with
changing the repetition ratep/2-t-p-t-echo-T-p/2-t-p-t-
echo-T••• . During the experimentst was kept constant
whereasT was changed. The pulse widths used were the
same as in the ESEEM experiment.
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III. THEORETICAL

ENDOR line shape

In proton glasses the local polarizationp of the O-H...O
bonds is distributed according to a probability function
W(p). The second moment of this probability distribution
W(p) is the Edwards-Anderson glass order parameter28

q5E
21

11

dp W~p!p2. ~1!

A simple relation between the probability distributionW(p)
and the ENDOR line shape exists when the ENDOR fre-
quencyv of a single proton in such a bond depends linearly
on the local polarization:

v5v01v1p, ~2!

wherev1 is the ENDOR line shift atp561 with respect to
the ENDOR line positionv0 at p50.

Considering a fluctuating proton in a hydrogen bond its
individual line shapeI (v,p) can be described as that for
chemical exchange in an asymmetric two site potential28

I ~v,p!5
1

p

Gv1
2~12p2!

~v22v1
2!21G2~v2v1p!2

, ~3!

whereG is a phenomenological parameter called the relax-
ation rate. For a Markov process the rate is given by

G5
1

t1
1

1

t2
~4!

with t15t2 exp(22DE/kBT). The quantitiest1 andt2 are
the average dwell times in the left or right minimum of the
asymmetric local double minimum potential with bias ener-
gies6DE. The local static polarization of the proton in a
hydrogen bond can be written as

p5~t22t1!/~t21t1!5tanh~DE/kBT!. ~5!

The 1H ENDOR line shape of the proton in the proton glass
is then given by28

I ~v!5E
21

11

W~p!I ~v,p!dp. ~6a!

Consequently, the probability distributionW(p) of the local
order parameterp can be obtained directly by analyzing the
ENDOR line shape. We have to distinguish two cases:

In the fast motion limitG@2v1 the line shape function
I (v,p) behaves nearly as a Diracd function d(v2v1p)
and, therefore, the line shape of the1H ENDOR spectrum is
simply

I ~v!5
1

v1
W~v/v1!. ~6b!

In the intermediate~G;2v1! and slow motion regime
~G!2v1! additional broadenings and line shifts appear mak-
ing the relationship between ENDOR line shape and order
parameter distribution functionW(p) more complicated. In
order to extractW(p) from the ENDOR line shape, the in-
tegral in Eq.~6a! must be solved numerically. As shown in a

previous paper,30 the Tikhonov regularization method can
successfully be used to determine the local polarization dis-
tribution W(p) from magnetic resonance line shapes. The
great advantage of this method is that one does not need
model assumption aboutW(p), one uses all the information
given in the experimental data, and there are no restrictions
necessary for the relaxation rateG.

3D RBRF Ising Model

In the next section we will make comparisons with two
models, the three-dimensional random-bond random-field
~3D RBRF! Ising model of Pircet al.28 and the quasi-one-
dimensional random-bond random field~1D RBRF! model
of Oresic and Pirc.35 Therefore, we shall briefly repeat the
results for these models.

In Ref. 28 the authors presented a dynamic theory of the
deuteron NMR line shape in deuteron glasses based on the
infinitely ranged random-bond Ising model with the addition
of quenched local random fields~3D RBRF Ising model!.
The pseudo-spin glass can be described by the model Hamil-
tonian

H52 1
2(
i , j

Ji js is j2(
i
f is i , ~7a!

where the pseudospins i561 refers to the left-right position
of a proton~deuteron! in the i th hydrogen bond. The random
interactionsJi j distributed according to a Gaussian probabil-
ity density are assumed to be infinitely ranged with a mean
value

J05 J̃0 /N5^Ji j & ~7b!

and a variance

J5 J̃/N1/25var$Ji j %. ~7c!

The random electric fieldsf i due to substitutional disorder
are also Gaussian distributed with a variance

AD5var$ f i% ~7d!

and a zero mean value. ForuJ̃0u. J̃ a transition into a long-
ranged ordered ferroelectric (J̃0.0) or antiferroelectric
( J̃0,0) phase takes place27 whereas foruJ̃0u, J̃ a low-
temperature pseudo-spin-glass phase appears. The latter
phase is characterized by a zero long-range order parameter
p̄5(1/N)( i^s i& but a nonzero Edwards-Anderson glass or-
der parameterq5(1/N)( i^s i&

2. HereN is the number of
pseudospins of the system. The local pseudospin polarization

p5tanh@h~z!/kBT# ~8!

is determined by the Gaussian random field

h~z!5 J̃~q1D̃!1/2z1 J̃0p̄ ~9!

at the position of the quasispin wherez is a Gaussian random
number andD̃5D/ J̃2. The order parameters are given by the
two coupled self-consistent equations

p̄5E
2`

1` dz

A2p
e2z2/2tanh@h~z!/kBT# ~10!
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and

q5E
2`

1` dz

A2p
e2z2/2tanh2@h~z!/kBT#. ~11!

Introducing the local polarizationp from Eq. ~8! as a new
integration variable one can rewrite Eq.~10! as27,28

p̄5E
2`

1`

dp W~p!p, ~12!

where

W~p!5
1

~ J̃/kBT!@2p~q1D̃!#1/2
1

12p2

3expS 2
@arctanh~p!2J0p̄/kBT#2

2~ J̃/kBT!2~q1D̃!
D ~13!

represents the static equilibrium probability distribution of
the local polarizationp which was already used in Eq.~1!.
The glass temperatureTG and the freezing temperatureTf
are related to the variancesJ̃ andD of the Gaussian distrib-
uted random bondsJi j and random fieldsf i , respectively, in
the following manner:29

J̃5kBTG for D50, ~14!

and

AD5kBTf . ~15!

For DÞ0 the Edwards-Anderson glass order parameter ac-
cording to Eq.~11! is different from zero at temperatures
already far above the nominal glass temperatureTG .

1D RBRF Ising Model

In the model of a quasi-one-dimensional spin glass,35 a
system of linear chains of Ising spins is considered. It is
supposed that a short-range nearest-neighbor ferroelectric in-
teraction of strengthK acts along the chains, whereas an
infinite-range random interaction of a Sherrington-
Kirkpatrick type with the varianceJ̃ is effective between
different chains. The model includes also local Gaussian ran-
dom fields with varianceD. The model Hamiltonian for such
a system ofN Ising spinss i561 arranged in a set of linear
chains is formally written as

H52(
~ i j !

Ki js is j2(
~ i j !

Ji js is j2(
i
f is i , ~16!

whereKi j5K.0 if i and j are nearest neighbors within a
chain butKi j50 otherwise. The quenched random interac-
tions Ji j and the local random fieldsf i are Gaussian distrib-
uted with zero mean values. Using the replica formalism,
recursion relations for the local polarizationpi5^s i&1D were
given @Eq. ~27! in Ref. 35# which allow one to calculate
numerically the glass order parameter@Eq. ~36! in Ref. 35#

q5
1

N (
i51

N

^s i&1D
2 . ~17!

The recursion relations contain only the ferroelectric interac-
tion K, the local fieldsh(z) and the temperatureT. After the
local polarizationspi of all the N spins were numerically
calculated, we determined the probability distributionW(p)
of the local order parameter by counting off the spins which
have their local polarization within an interval betweenp
andp1Dp.

IV. EXPERIMENTAL RESULTS

ENDOR and ESEEM measurements

The ESR spectra ofg irradiated BP0.15BPI0.85 at 290 K
show a doublet structure with a hyperfine splitting of more
than 50 mT typical for a PO3

22 radical at a phosphite group
of the mixed crystal. This doublet splitting is due to the
hyperfine interaction of the unpaired electron localized in
onesp3 phosphorus orbital with the31P nuclear spinI5 1

2 .
The observed two doublets for an arbitrary direction of the
external magnetic field with respect to the crystallographic
axes indicate two magnetically nonequivalent positions of
the PO3

22 center according to the expected space group
P21/c in the antiferrodistortive phase. In contradiction to the
pure BPI single crystals15 no further splitting of the ESR
lines was observed in the mixed crystal BP0.15BPI0.85 in the
temperature range from 290 down to 10 K but a remarkable
increase in line width occurs to lower temperatures.

Saturating the high field ESR line at different directions
of the external magnetic field with respect to the crystallo-
graphic axes of the BP0.15BPI0.85samples, the angular depen-
dencies of the1H ENDOR spectra were investigated. In con-
trast to the1H ENDOR spectra of the pure BPI crystal11,12

which show sharp lines, we observed strongly broadened

FIG. 2. Low frequency part of the1H ENDOR spectra of the
PO3

22 center ing irradiated~a! BPI and~b! BP0.15BPI0.85 taken at
room temperature with the magnetic fieldBI ic.
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ENDOR lines in the spectra of the mixed crystals
BP0.15BPI0.85 from room temperature~Fig. 2! down to 100 K
~Figs. 3 and 4!. We determined the hyperfine structure ten-
sors~Table I! from the angular dependencies of the1H EN-
DOR lines ~Fig. 5! and compared them with the results of
our ENDOR investigation of the pure BPI crystal. Eigenval-
ues and eigenvectors of the measured hfs tensors for the line
centers of the protons in BP0.15BPI0.85 are in good agreement
with those for the protonsH12,H13 andH15 in pure BPI.11

Therefore, the1H ENDOR lines in BP0.15BPI0.85 can be as-
signed to the protonsH12, H13, andH15 in the O-H...O
bonds adjacent to the PO3

22 centre in the mixed crystal. The
temperature dependence of the1H ENDOR line shape of the
protonsH13 andH15 linking neighboring HPO3/PO4 was
measured in the temperature range from 290 to 90 K. As an
example, the ENDOR spectra of protonH13 are illustrated
in Fig. 4. The line shape and line width of the1H ENDOR
spectra of the protonH12 do not indicate any temperature
dependence whereas those of protonsH13 andH15 show
very strong changes from room temperatures down to low
temperatures. We observed a change in the line shape from a
nearly Gaussian line of up to 2 MHz line width at 300 K
@Figs. 2~b! and 4# to a flattened shape at intermediate tem-
peratures and further into a double peak structure at low
temperatures@Fig. 3~b!#. The angular dependencies of the
ENDOR lines with the double peak structure were measured
at 77 K @Fig. 5~b!#. The hfs tensors of both peak positions
were determined and appeared to agree with those in BPI at
77 K ~Ref. 11! indicating that the peaks correspond to the
‘‘close’’ and ‘‘far’’ positions of the protonsH13 andH15.
Because the1H ENDOR line shape of these protons show a

double peak structure with extended parts of intensity be-
tween the peaks marking the ‘‘close’’ and ‘‘far’’ positions,
either the individual hfs parameters of the protons must re-
markably scatter or strong motional effects must govern the
line shape. In order to distinguish between both cases, pulse
ESR experiments were performed.

HYSCORE experiments indicate that the protons in the
hydrogen bridges are always close to the fast-motion limit
with G@2v1 at temperatures above 70 K. The distribution of
the proton hyperfine couplings related to the probability dis-
tribution of the local proton order in the hydrogen bonds
leads to ridge-type cross-peaks perpendicular to the fre-
quency diagonaln15n2 of the 2D HYSCORE spectra34,36 as
shown in Fig. 6. The extension of the ridge-type cross peak
parallel to the frequency diagonaln15n2 is a measure of the
homogeneous line width of each of the individual cross
peaks at distinct frequencies. This individual homogeneous
line width should significantly increase when the proton dy-
namics change from the fast to the slow motion limit. Be-
causev1/2p is of the order of 3 MHz for the direction of
applied magnetic field used in Fig. 4, one would expect re-
ally strong and remarkable changes in the ENDOR spectra
for decreasing temperatures. The temperature dependence of
the homogeneous width in half height of theH13 cross peaks
taken from the 2D spectra shown in Fig. 6 is given in Fig. 7.
The homogeneous width increases up to 300 kHz at 120 K.
An estimation of the line width using Eq.~3! with p50.6,
v1/2p53 MHz leads to a relaxation rateG/2p540 MHz. In
this estimation, one has to take into consideration that the
width plotted in Fig. 7 is overestimated because it contains
an additional contribution of 0.12 MHz due to the finite
length of the time window for the data set of 4.1ms. Conse-
quently, from this experiment we may conclude that the re-
laxation rateG/2p in the investigated temperature range is
higher than 40 MHz. This is in agreement with the dielectric

FIG. 3. Low frequency part of the1H ENDOR spectra of the
PO3

22 center ing-irradiated~a! BPI and~b! BP0.15BPI0.85 taken at
100 K with the magnetic fieldBI ic. The marks ‘‘close’’ and ‘‘far’’
correspond to the possible mean positions of the protonsH13 and
H15 with respect to the PO3

22 center at low temperatures.

FIG. 4. Temperature dependence of the1H ENDOR line of
protonH13 at PO3

22 center ing-irradiated BP0.15BPI0.85 taken from
290 K ~upper spectrum! down to 90 K~lower spectrum! in steps of
20 K with the magnetic fieldBI in the crystallographicac plane
forming an angle of 20° with thec direction. The hatching marks
the part of the spectra which is not overlapped by other lines and,
therefore, used for the calculations.
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measurements21 which showed that the relaxation rates are
larger than 10 MHz above 50 K.

Therefore it is justified to assume that the double peak
structure of the1H ENDOR lines of the protonsH13 and
H15 at 90 K and the large line width of a nearly Gaussian
shaped line at 290 K are indications for a distributionW(p)
of the local proton polarization, as expected for a proton
glass. The change from a Gaussian to a flattened line shape
and further into a double peak structure is typical for mag-
netic resonance line shapes in proton and deuteron glasses.29

The measured ENDOR line shapes were analyzed by the
Tikhonov regularization method to deduce the local polariza-
tion distributionW(p).30 This analysis shows also that the
protonsH13 andH15 are always close to the fast motion
limit in the investigated temperature range. Figure 8 repre-
sents the resulting order parameter distribution functions
W(p) at different temperatures. The onset of a double peak
structure ofW(p) for T<140 K already far above the glass

temperature TG530 K known from dielectric
measurements21 is a special experimental peculiarity which
has to find its explanation within the given models. The
Edwards-Anderson order parameterq numerically calculated
as the second moment ofW(p) according to Eq.~1! is shown
in Fig. 9. It is evidently different from zero already far above
TG . This verifies that random fields play an important role in
BP0.15BPI0.85.

FIG. 5. Angular dependence of the1H ENDOR spectra of the
PO3

22 center ing-irradiated BP0.15BPI0.85with BI rotating around the
c axis at ~a! T5290 K: ~d! H12, ~m! H13, ~.! H15 and~b! at
T577 K: ~—! H12, ~---! H13p50.7, ~––! H13p520.7, ~–--–!
H15p50.7, ~–-–! H15p520.7.

TABLE I. Principle values and eigenvectors of the hfs tensors
for the protons H12, H13, and H15 in the mixed crystal
BP0.15BPI0.85 at the temperaturesT5290 andT577 K. The refer-
ence frame is the rectangular coordinate system witha*'bc plane.
The indicesp560.7 mean that the hfs tensors were determined for
the peak positions of the ENDOR spectra corresponding to the local
order parametersp560.7.

Aiso
~MHz!

Aaniso
~MHz!

Principal axes
Error

~MHz!a* b c

T5290 K
22.5 0.827 0.313 20.468

H13 22.0 26.0 0.425 0.197 0.883 60.2
18.5 20.368 0.929 20.030

22.1 0.230 20.646 0.727
H15 22.2 26.1 20.488 0.570 0.661 60.2

18.2 0.842 0.507 0.184

22.3 20.206 0.293 0.934
H12 20.4 25.2 0.245 0.939 20.240 60.1

17.5 0.947 20.180 0.266

T577 K
22.9 0.647 0.300 20.701

H13p510.7 25.1 29.4 0.624 0.320 0.713 60.3
112.3 20.438 0.899 20.020

21.9 0.644 0.333 20.689
H13p520.7 21.2 24.1 0.598 0.343 0.724 60.4

16.0 20.477 0.878 20.021

23.8 0.188 20.414 0.891
H15p510.7 24.5 27.9 20.588 0.678 0.440 60.3

111.7 0.786 0.607 0.116

23.2 0.366 20.371 0.853
H15p520.7 20.5 24.4 0.721 20.466 20.512 60.4

17.6 0.588 20.803 0.097

22.9 20.215 0.399 20.892
H12 10.1 24.4 0.175 0.914 20.367 60.2

17.3 0.961 20.077 0.266
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One very important point in concluding from the ENDOR
spectra toW(p) is the normalization of the line positions
with respect to the local order parameterp. This is of special
importance because we will see that the probability maxi-
mum of the local order parameter never shifts up top51 not
even at lowest temperatures. Within the Tikhonov regular-
ization calculations the normalization was self-consistently
done introducingv1 as an adjustable parameter which was
numerically optimized. Otherwise, it is obviously seen by

comparing the ENDOR spectra in Fig. 4 and the calculated
W(p) probability distribution functions given in Fig. 8 that
this normalization is correct. Because we are in the fast-
motion regime at all temperatures, the ENDOR lines must be
decayed to zero at frequencies above or below the border line
frequencyv*5v06v1 corresponding top561. In the spec-
tra in Fig. 4, this is the case atv* /2p59.2 MHz. Because the
line maximum at room temperature corresponding top50 is
atv0/2p512.1 MHz a valuev152.9 MHz results. With this

FIG. 6. 2D HYSCORE spectra of protonsH12 andH13 measured at the PO3
22 center ing-irradiated BP0.15BPI0.85 at the temperatures

~a! 297,~b! 140,~c! 70, and~d! 10 K. The magnetic fieldBI is applied in theac plane forming an angle of 35° with thec direction. Adjacent
contour lines differ by a factor of 2 in intensity. The cross peaks of protonH13 in its ‘‘far’’ position are overlapped by those of protonH12.
A scale bar indicating the extension of the cross peaks due to homogeneous broadening was drawn in Fig. 6~a!.
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experimental normalization procedure the peak position of
the ENDOR line at 90 K corresponds top50.7 in good
agreement to the Tikhonov regularization results.

Relaxation time measurements

Additionally, measurements of the spin-lattice relaxation
time T1 of the PO3

22 center in BP0.15BPI0.85 single crystals
were performed in the temperature range from 4 K to room
temperature. The results are presented in Fig. 10. The tem-
perature dependence of the spin-lattice relaxation rateT 1

21 is

very similar to that of the BP0.40BPI0.60mixed crystal already
published.37 Without going into the details of explanation of
the relaxation processes induced by optical Raman processes
and phonon assisted tunneling as explained in our former
paper,37 we want to focus our attention on the temperature
anomaly observed at about 150 K in BP0.15BPI0.85. A similar
anomaly was also seen in BP0.40BPI0.60and in pure BPI~Ref.
37! but at temperatures of about 140 and 200 K, respectively.
We related this anomaly to an anomaly of the damping of the
internal optical phosphite mode at 1.631013 Hz. This mode
seems to be critically damped at the ferroelectric transition in
BPI which causes theT1 anomaly. Because we probe the
mixed crystals with the same paramagnetic PO3

22 center, we
may conclude that also in BP0.15BPI0.85 this mode experi-

FIG. 7. Temperature dependence of the homogeneous part of
the ENDOR line widthDn1/2

hom of protonH13 extracted from the 2D
HYSCORE spectra for which examples are presented in Fig. 6 in
the manner as explained in the text.

FIG. 8. Local order parameter distribution functionW(p) of
protonH13 attached to the PO3

22 center in BP0.15BPI0.85 obtained
from the ENDOR spectra shown in Fig. 4 by means of the
Tikhonov regularization method for the following temperatures:
290 ~highest value atp50!, 250, 210, 170, 130, 120, and 90 K
~lowest value atp50!.

FIG. 9. Temperature dependence of the Edwards-Anderson or-
der parameterq for proton H13 attached to the PO3

22 center in
BP0.15BPI0.85: ~a! points—experimentalq values obtained as the
second moment of the experimental order parameter distribution
functions shown in Fig. 8, and~b! drawn line—simulatedq(T)
dependence calculated with the 3D and 1D RBRF model as well
with zero-meanJ0 using the parameter sets as given in the text.

FIG. 10. Temperature dependence of the spin-lattice relaxation
rateT 1

21 of the PO3
22 center ing-irradiated BP0.15BPI0.85with mag-

netic fieldBI ib.
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ences a critical damping due to a structural transition at
about 150 K until now unknown.

V. COMPARISON OF THE ENDOR RESULTS
WITH THE THEORETICAL MODELS

3D RBRF Ising Model

To get an estimate of the random field variance we did
simulations of the experimental temperature dependence of
the Edwards-Anderson order parameterq with Eq. ~9! taking
J̃/kB5TG530 K from the dielectric measurements,21 zero
mean bond interactionJ̃50, and D̃510 corresponding to
Tf'(9565) K. The result is shown in Fig. 9. The large
random fields in BP0.15BPI0.85 generated by substitutional
disorder induce the random local polarization of the protons
in the O-H•••O bonds far aboveTG as observed in the1H
ENDOR spectra.

The change in the shape of the distribution functionW(p)
from a single-peak Gaussian distribution to a double-peak
structure far aboveTG is at the first view typical for proton
and deuteron glasses when local random fields are
dominant.28,29 A simulation ofW(p) with Eq. ~13! for dif-
ferent temperatures using the parametersJ̃/kB530 K, D̃510
and a zero mean bond interactionJ050 is shown in Fig. 11.
However, the simulated distribution functionsW(p) do not
very well agree with theW(p) distributions obtained by the
1H ENDOR line shape analysis~Fig. 8!. Especially, the
gradual change from the flattened structure into the double
peak shape cannot be simulated with the above parameters.
We also calculatedW(p) with Eq. ~13! using J050 and
other parameters sets ofJ̃ andD̃50 but no set of data gave
satisfactory agreement with the experimental distributions.

1D RBRF Ising Model

From this disagreement one could conclude that the 3D
RBRF Ising model of proton glasses with infinite-range in-
teractions is not adequate for the hydrogen bonded system in
BP0.15BPI0.85. Because the hydrogen bonds link the HPO3

and or PO4 groups to quasi-one-dimensional chains one
could suspect that the interactions between the quasispins
within the chains are dominating in comparison to those be-
tween quasispins in different chains7,8 and therefore,
BP0.15BPI0.85 might be described more adequately by a
quasi-one-dimensional Ising model as described in Sec. III.

The numerical calculation ofq with the parameter sets
J5K530 K, D̃58 ~Tf585 K! and J5K570 K, D̃50.8
~Tf563 K!, respectively, for a chain withN5103 quasispins
leads to a temperature dependence ofq not distinguishable
from that calculated with the 3D RBRF model in the last
subsection. TheW(p) distribution was estimated with the
second parameter set forN5104 by calculatinĝ s i& accord-
ing to Eq. ~27! in Ref. 36 and then counting the number of
spins the individual order parameter of which are within each
of 20 intervals between11 and21. The result is shown in
Fig. 12. The qualitative behavior ofW(p) in the 1D model is
similar to that of the 3D model but can also only poorly
explain the experimental behavior shown in Fig. 8. There-
fore, there is no indication for a more adequate description of
the proton order in BP0.15BPI0.85 by the 1D model.

3D RBRF Ising Model with nonzero meanJ0

The deviations of the experimentally determinedW(p)
distribution from those calculated with the 3D and 1D RBRF
model with zero meanJ0 become obvious for temperatures
below 150 K. The observed behavior seems to be indicative
for a smeared-out phase transition to a long-ranged ordered
phase. Therefore, we tried to simulate theW(p) distribution
with the 3D RBRF Ising model with non-zero-meanJ0 . In
order to obtain aW(p) behavior similar to the experimental
one, the variance of the random fields at temperature below
T05J0/kB must be taken as a temperature-dependent simu-
lation parameter. The optimized simulations adapted to ex-
perimentalW(p) and qEA values are shown in Fig. 13.
Above J0/kB5160 K the variance parametersD̃57 and
J̃/kB530 K give reasonable results. Below 160 K one has to
reduceD̃ in order to be able to describe the experimental
W(p) curves with the model. WithJ0/kB5160 K, J̃/kB530
K, and D52 one obtains a non-zero-mean order parameter
p̃Þ0 below TC5144 K. This results in peaks ofW(p) at

FIG. 11. Simulation of the local order parameter distribution
functionsW(p) using the 3D RBRF model with zero-meanJ̃050,
J̃/kB530 K, andD̃510 for the following temperatures: 290~high-
est value atp50!, 250, 210, 170, 140, 130, 120, and 90 K~lowest
value atp50!.

FIG. 12. Simulation of the local order parameter distribution
functionsW(p) using the 1D RBRF model with zero-meanJ̃050,
J̃/kB5K/kB570 K, and D̃50.8 for the following temperatures:
200 ~highest value atp50!, 160, 130, 120, 110, and 90 K~lowest
value atp50!.
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p>0.5 as experimentally observed, but only when the ran-
dom field variance was drastically reduced below the transi-
tion temperature toD̃52.0, 2.5, 3.5, and 4.5 at 140, 130,
120, and 110 K, respectively. The calculatedq and p̄ values
are shown in Fig. 14. The used parameter sets are a compro-
mise of best agreement between the simulated and the ex-
perimental results ofW(p) for the obtained temperature-
dependent values of the Edwards-Anderson order parameter
q.

VI. DISCUSSION AND CONCLUSIONS

The ENDOR investigations of the BP0.15BPI0.85 mixed
crystal give a direct experimental evidence for a temperature
dependent local order of the protonsH13 andH15 in the
hydrogen bonds linking the phosphite and phosphate groups
to chains along the monoclinicb axis. The protonH12 in the
hydrogen bond linking the phosphite group with the carboxyl
group of the betaine molecule is clearly not involved in the
ordering process. The comparison of the experimentally de-
termined temperature dependence of the Edwards-Anderson
order parameter of the protonsH13 andH15 in the hydrogen
bridges with those calculated from the 3D and 1D RFRB
model indicates that BP0.15BPI0.85 behaves as a proton glass
with strong random fields. The unusually large random field
variance parameterD̃ which we had to use in order to simu-
late the experimental results shows us that the substitution of
an HPO3 group by a PO4 group leads to strong distortions of
the adjacent hydrogen bonds linking the substituted group
with the others. This is also directly seen from not yet pub-
lished 1H ENDOR and HYSCORE spectra of the phosphate-
rich mixed crystal BP0.95BPI0.05 where the paramagnetic
PO3

22 center probes a substitution site which is with high
probability surrounded by phosphate groups. The ENDOR
lines of the adjacent protonsH13 andH15 appear at posi-
tions which show that already at room temperature both pro-
tons are off-center. It comes out that in the PO42

H13-PO3-H15-PO4 cluster the protonH13 is shifted towards
the PO4 group whereas protonH15 has a position closer to
the PO3 group. That means that in this cluster the local po-
larization of both protons is such as that created by a local
bias field at the substitutional PO3 site.

It is interesting to note that the experimentally determined
order parameter distribution functionW(p) of the protons in
BP0.15BPI0.85gives much deeper insight into the proton order
of the hydrogen bridges in the chains than the Edwards-
Anderson order parameter expressed as its integral. Already
an inspection of Fig. 4 reveals remarkable deviations of the
modeledq values from the experimental one. A comparison
of Fig. 8 with Fig. 11 and Fig. 12 shows very evidently the
lack of agreement of the experiment with the 1D and 3D
RBRF model inW(p). The modeledW(p) distribution func-
tions show only rough similarity with those experimentally
obtained. Whereas the agreement at higher temperatures is
acceptable, distinct deviations appear below 170 K. The ex-
perimentally obtainedW(p) distribution functions show at
lower temperatures pronounced maxima at local order pa-
rameter valuesupu,1 which are shifted to largerupu with
lowering the temperature. This behavior cannot be simulated
within the framework of the 1D or 3D RBRF model without
long-range order. There are no indications for a more ad-
equate description of the proton glass behavior in
BP0.15BPI0.85 when the 1D model is used. This was also the
result of dielectric investigations.23 Probably, the strong ran-
dom fields cover the weaker dimensional dependent random
bond interactions.

A better agreement is achieved when a long-range proton
order is introduced in the 3D RBRF model using a non-zero-
mean J̃0 of the bond interactions. Now, the pronounced
maxima in the order parameter distribution function as well
as their temperature-dependent position can be simulated
qualitatively. Also the processed temperature dependence of
the Edwards-Anderson order parameter shows better agree-
ment with the experimental values insofar as for tempera-
tures above 140 K the simulation succeeds rather well and
the rapid increase to lower temperatures can be described at
least qualitatively. The non-zero-mean valueJ̃0/kB5160 K
means that a long-range ferroelectric or antiferroelectric pro-
ton order takes place in the hydrogen bond system of the
chains below the transition temperatureTC5145 K which

FIG. 13. Simulation of the local order parameter distribution
functionsW(p) by means of the 3D RBRF model with non-zero-
meanJ̃0/kB5160, J̃/kB530 K, using a constant random field vari-
ance parameterD̃57 for the temperatures 290~highest value at
p50!, 250, 210, 170 K, but temperature dependent parameters
D̃52 for 140,D̃52.5 for 130,D̃53.5 for 120,D̃54.5 for 110, and
D̃56.5 for 90 K ~lowest value atp50!.

FIG. 14. Simulated temperature dependence of the Edwards-
Anderson order parameterq ~thin line! and the long-range order
parameterp̄ ~thick line! using the 3D RBRF model with non-zero-
meanJ̃0/kB5160 K and the same parameter set as given in Fig. 13.
The points are again the experimentalq values obtained as the
second moments of the experimentalW(p) distributions shown in
Fig. 8.
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results fromJ̃0 and the Edwards-Anderson order parameter
q'0.2 in this temperature region. This transition tempera-
ture is far above the freezing temperatureTf595 K and the
glass transition temperatureTG530 K. However, one must
also remember that the simulation of both the temperature
dependent order parameter distribution functionW(p) and
the Edwards-Anderson order parameter only succeeds when
the random field variance is not temperature independent but
strongly reduced at and below the phase transition tempera-
tureTC . As discussed above, the random fields in the mixed
crystal are related to distortions in the hydrogen bonds adja-
cent to the substitutional PO4 group in such a manner that
their proton order is strongly biased. A reduced random field
variance atTC could mean that the local proton polarizations
are rearranged within one growing domain in such a way that
the polarization direction of most of the biased substitutional
sites coincides with that in the domain. With lower tempera-
ture the domains grow up, and more and more substitutional
sites conflict with their surrounding domains leading to in-
creased local random fields.

An additional confirmation for a phase transition in that
temperature range comes from the results of the electron
spin-lattice relaxation time measurements performed at the
PO3

22 center in BP0.15BPI0.85 and shown in Fig. 10. The ob-
served temperature anomaly of the spin-lattice relaxation rate
T 1

21 close to the above transition temperatureTC is an indi-
cation for a structural phase transition. As already mentioned
in Sec. IV, also in the BP0.40BPI0.60 mixed crystal a similar
T1 anomaly was observed at a comparable temperature.37

This can indicate that the phase with a strongly distorted
long-range proton order in the hydrogen bonds of the
phosphate/phosphite chains does not only exist in the
BP0.15BPI0.85 compound but in a extended composition range
of the phase diagram.

In this context, it is interesting to point out that Ebert
et al.38 reported on pressure-dependent dielectric measure-
ments on pure betaine phosphite. Two additional transitions
were found under a hydrostatic pressure of 350 MPa at
Td1'150 K and Td2585 K which collapse into one at
Td5142 K under zero pressure as already known from
former measurements.39 From that they concluded on three
different regions in the formerly called ferroelectric phase of
betaine phosphite:~a! a ferroelectric phase up toTd1, ~b! a
pseudoferroelectric phase betweenTd1 and Td2 where the
ferroelectric order is continuously broken due to a freezing

process with frozen-in or frustrated regions, and~c! a clus-
terlike phase belowTd2 with fixed domain structure. Also in
betaine phosphate a ferroelectric phase was reported5 in a
small temperature interval above the transition temperature
into the antiferroelectric phase at 81 K. One could speculate
that it is such an intermediate phase which we see in the
proton order of the BP0.15BPI0.85 mixed crystal.

At the end there is still one very important point to be
discussed. It concerns the obvious disagreement of the ex-
perimental and simulated behavior of Edwards-Anderson or-
der parameter and order parameter distribution function at
the lowest temperatures. The simulations at 90 K lead always
to sharp maxima ofW(p) close top561 whereas the ex-
perimentally obtained distribution functionW(p) shows its
maxima atp560.7. This deviation of the position of the
extrema is far outside of the experimental error as already
demonstrated in Sec. IV. It shows that the local proton po-
larization is limited to values distinctly belowupu51 at low
temperatures in BP0.15BPI0.85. In relation with this interesting
effect we must remember that we did ignore proton tunneling
till now. The models which we used for simulations have
been worked out for deuteron glasses where tunneling is not
of importance. Dattaguptaet al.31 published a stochastic
theory that considers the influence of tunneling on the NMR
line shape in proton glasses. The authors showed that the
local proton polarization is reduced due to tunneling by a
factor r which is the ratio between the local fields seen by
the proton without and with the tunneling contribution,

r ~z!5h~z!/h0~z!

with h05AV21h(z)2, whereV is the tunneling energy. Es-
timations lead to a value for the tunneling energy of the order
in V/kB5200 K whenr50.7 shall be obtained. On the other
hand, if one tries to explain the shift of the ferroelectric
transition temperature due to deuteration in betaine phosphite
within the tunneling model40 a tunneling energy of the same
order of magnitude,V/kB5440 K, results. Therefore, we
suggest that proton tunneling in the hydrogen bonds of the
phosphite/phosphate chains is of relevant importance in be-
taine phosphate/betaine phosphite proton glasses.
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